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In what Form does Histamine Occur in Plasma? 

By 

H. COLLDAHL, CARL G. HOLMBERG and O.-B. LATJRELL. 
Received 8 March 1946. 


Babsoum and Gaddum (1935) showed that histamine occurs 
in the blood of mammals. This has been confirmed by several 
later investigators. Recently Emmelin (1945) made quantitative 
analyses of plasma from different animals. He found a very 
high histamine content in guinea-pig plasma — about 200 y/1 — - 
while the histamine content in plasma from all other animals 
investigated rarely exceeded 100 y/1. 

Most investigators think that plasma histamine is present in 
a bound, inactive form, hut Emmelin has made some experi- 
ments from which he infers, that it must be free and active. As 
it seems important to know in what state the plasma histamine 
really exists in vivo, we have made some investigations aiming 
at solving this question. 

1) If a certain quantity of histamine, for instance 0.5 y, is 
injected intravenously during 3 — 5 sec. into an atropinized cat 
under chloralose a reproducible fall in blood pressure is obtained. 
"We tried to ascertain whether this fall in blood pressure depends 
on the concentration of histamine in the injection fluid. We found 
that this was not the case. In the concentration range from 
1000 y/1 to 25 y/1 the effect of 0,5 y histamine is always the same. 
As the lowest concentration is identical with or lower than the con- 
centration. of histamine in cat plasma, it seems impossible that 
the histamine in cat plasma should be present in an active form. 

In some ’cases our dilutions have been prepared with a solution 
of dextran of the same colloid osmotic pressure as plasma in 
order to prevent a possible escape of water from the blood stream. 
Controls have shown this precaution to he effective. 

2) In the experiments of Emmelin heparin or chlorazol fast 
pink have been used as anticoagulants. Rocha e Silva et al. 
(1941 and 1943) have shown, that histamine occurs in the cells 

1 — 46252-i. Acta phys. Scandinav. Val. 12. 
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in a peptide linkage which can be split by trypsin. It is also known 
that thrombokinase can be replaced by trypsin as an activator 
of prothrombin. As heparin and probably also chlorazol act as 
antithrombins there is a possibility that plasma histamine, if 
the binding of the plasma histamine is similar to that of the 
intracellular histamine, might be set free during' the preparation, 
possibly through the action of thrombokinase. In order to find 
out if this were possible, we have performed some experiments of 
the following type: Blood was drawn by heart puncture from a 
guinea-pig and to one part heparin was added (0.125 mg/ml.), 
to another citrate (5.4 mg/ml.). The blood corpuscles were centri- 
fuged down and equivalent parts of heparinized and . citrated 
plasma respectively were injected intravenously into a chlora- 
lozed, atropinized cat. The result was a fall in blood pressure 
after heparin plasma of the order of magnitude which might be 
expected if the plasma had a histamine content of about 200 yj 1; 
citrate plasma, on the other hand, had no effect whatsoever on 
the blood pressure. Controls show that citrate in the concentration 
used has no effect on the fall in blood pressure produced by 
lustamine. The time from heart puncture to test was 1 — 2 hours. 1 

In our opinion these experiments strongly support the hypo- 
thesis that histamine is present in plasma in a bound inactive 
form, and that it might be set free already during the sampling 
of plasma, possibly through the action of trombokinase. We are 
at present investigating the possible role, played by the bound 
plasma histamine in the coagulation mechanism and in certain 
anaphylactic reactions. 

Summary. 

Two types of experiments have been performed, both of which 
indicate that histamine is present in plasma in bound, inactive form. 

The possibility is discussed that histamine might be set free 
during the sampling of blood through the action of thrombokinase. 

Literature. 

Barsotjm, G. S„ and J. H. Gaddum, J, Physiol. 1935. 85. 1. 
Dragstedt, G. A., and 31. Rocita e Silva, Proc. Soc. Exp. Biol. Med., 
1941. 47. 420. 
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' Experiments havo also been performed with ultrafiltrates from heparinized 
and citrated plasma., respectively. The results nro almost quantitatively the 
rame as with plasma, t. c. the same drop in blood pressure in the firatca.se but 
none in the second. 
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Study on Ph. Broemser’s Manometer Theory 
for Oscillations in the Aorta. 

By 

B. ANDERS SON and I. G. PORJE. . 

Received 21 March 1946. 


Theoretical Part. 

Frank-Brocmser’s manometer theory for oscillations in the 
aorta is based on an analogy which makes it possible to treat 
these oscillations, mathematically in the same way as a damped 
linear oscillator is treated in mechanics. The aorta is an elastic 
tube (“manometer”). At a point, near the heart, acts a pressure 
(the central pulse pressure) which is periodical with the time 
period T = the pulse time. This pressure can be mathematically 
expressed in a Fourier series. 

to* 

1) P = A 0 -f- J£A„ cos ( ncol — q>„), 

n = 1 

... 

where co = — and t = the time m seconds. 

At a point on the aorta lying near its lower end, the likewise 
periodical, peripheral pulse pressure is measured. 

CO 

P' = A' 0 + J5A' n cos ( ncot — cp ' n ). 

n «=■ 1 


2) 
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The tube acts as an elastic system with a distributed mass, 
which transmits the variable pressure p to the pressure point p'. 
These pressures give rise to oscillations in the walls of the vessels. 
The oscillations are damped. 

This moving system is conceived, from a mechanical point of 
view, to be equivalent to the following: An elastic spring is provided 
at one end with a mass point m. The other end is forced to swing 
in a periodic motion, so that its shifting z from the middle position 

is a periodic function with the time 
period T. Owing to this oscillatory 
movement, the mass point will be 
forced into a motion in which its 
deviation from the middle position 
is equal to x (t). The mass of the 
spring can V reduced to an equiv- 
alent mass, which is included in 
the mass m. The damping force is 
assumed to be proportional to the 
velocity of the mass point, and is 
conceived to be likewise reduced to 
a concentrated force, acting on the 
mass point. 3?or x ( t ) we then obtain 
an equation: 


!■ i • • • 
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Fig. 1. Pulso ourvo from a healthy 
man, aged 37 years. Tho ordinate: 
pressuro variations. Tho abscissa: 
tho time graduated in 0.02 seconds. 
The upper curve: art. eubclavia sin . 
Tho lower curve: art. iliaca sin. 


3) 


d"x , „ _ dx 

+ 2D— + q"‘x = q-z, 


dt 2 
D 


and q- are positive con- 


where 
stants. 

If z in the result and x are assumed to be proportional to the 
pressures p and p', respectively, and if the proportionality con- 
stants arc equal, we can also write: 


4) 


d-p' 

Jt 7 


+ 2D—-\-q l -p ~q z -p. 
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Fig. 2. A mechanical analogy to Bboemseh's manometer theory. 
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If p has the form 1), and if -we include merely the variable 
terms, which are of interest here, we obtain for p' a solution 
of the form 

00 

5) p' = cos (««»l ~<Pn — v0> 

n ** 1 

where the "magnification factors” ). n and the phase deplacement 
angles <p n are determined by the formulas: 

1 

6) = \’( 1 — R\Y + 4DW n ’ 


where 


_ nco _ _ , . , (jj 

R n — — — n-R, R being equal to -r. 
2 2 


(R = the manometer’s self-oscillation time with undamped oscilla- 
tion, expressed in the pulse time as a unit of time). 

8) tgxp n = 

^ Wn 1 — R} n 

the angle xp n being taken within the interval 0 < yi„ < x. 

By comparison with formula 2), we obtain: 

9 ) l A 'n = KA n 

\9n = <Pn + Wn 

_ 1^ !C amplitudes A„, A „ and the phase angles <p n , (p' n can bo 
directly computed by Eourier analysis of pressure curves taken 
at suitable places on the aorta. 

We shall show here how, from these results, it is possible in 

several different ways, to compute the magnitude R = ~ and 

thus also A which should be constants. If this is really the case, 
it should bear out Broemser’s theory. 

If n and % are two integers, we obtain from 9) 

A„ A' • 


we thus obtain 


jj A'„ 


11 ) 
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We can also write: 


K = 


COS tp n 


cos y) u 
~tfR 2 


i — R 2 „ i 

whence, for 11), we can substitute: 

H„ cos y> u 1 — nflt 2 


H, n cos xp ni 1 
from which we can solve: 

H„ 




n-Z£ 2 

II., 


A) 


R- 


f 


cos y>„ cos y> n 


H„ 


- ti- 


ll n 


COS tp n 


cos y) ni 

Here H „ , H Ml , y n , y> ni are magnitudes which can be directly 
obtained from the pressure curves. The value of R. 2 should be 
independent of the combination selected for the figures n and n y . 
A further possibility of computing R 2 is given by formula 8): 

2 DR„ 2DnR 

tg % = 


1 — R 2 , 


n-R- 


from which we obtain 


tg i p n n 1 — nfR- 


tg Wn, % 1 

and, solving here R 2 , we find: 


n 2 R 2 


B) 


R 2 


j-tg y,"-tg y„ 

n • tg y n — tg Vn ‘ 


It is noteworthy that this formula (which is not given by 
Broemser) contains only the phase displacement angles, but not 
the amplitudes. 

It is easily seen that, if the formulas A) and B) are to give the 
same value for R 2 irrespective of the combinations ( n , th), then 


C) 


sin 

tx-H n 


must be = 


njl ni 


i. c. the expression 
number n. 


S1 ‘n y„ 

nH„ 


must be independent of the index 
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Experimental Part. 

In order to study R and D more closely, we took synchronous 
pulse curves from the subclavian and external iliac arteries (the 
femoral artery) with a piezoelectric technique by which it is 
possible to give the frequency from 0.5 to 100 c/s (and probably 
over it) with considerable accuracy. The apparatus (designed 
by Dr. Bune Edmqvist) null be described in another publication. 

The persons whose pulse curves were thus recorded were 
healthy subjects who had lain in a horizontal, dorsal position 
on an observation table. The recording of the curves commenced 
after the subjects had rested for at least 15 minutes. The curves 
were afterwards subjected to Fourier analysis. 

On the basis of the results obtained in that analysis, R was 
computed according to formula A for 18 normal cases aged 
20 — 40 years. The computation of R was based on the values «, 
iij = 1, 2, 3, i. e. on the first, second and third harmonics. 

The results of these computations are given in Table 1. As regards 
most of the subjects examined, two periods were recorded; in 
one case merely a single period and in a few cases three periods. 

Table 1. 


No. 

Age 

N (1,2) 

R (1,3) 

R (2,3) 

R 

mean value 

R in 
seconds 

1 . . .. 

21 

0.647 

0.435 


0.491 

0.482 

2 . . . 

21 

0.709 

0.725 

0.672 

0.702 

0.463 

3 . . . 

21 

0.476 

0.88G 

0.438 

0.4S3 

0.494 

4 . . . 

22 

0.520 

0.410 

0.5G7 

0.499 

0.870 

5 , . . 

25 

0.538 

0.500 

0.605 

0.6G8 

0.684 

6 . . . 

26 

0.644 

0.525 

0.605 

0.668 

O.G03 

1 ■ ■ ■ 

29 

0.540 

0.481 

0.585 

0.685 

0.4GO 

8 . . . 

30 

0.595 

0.6GO 

0.G40 

0.598 

0.478 

9 . . . 

32 

0.480 

0.392 

0.44G 

0.489 

0.457 

10 . . . 

32 

0.501 

0.40G 

0.531 

0,480 

0.44G 

11 . . . 

34 

0.49G 

0.370 

0.451 

0.489 

0.4 2G 

12 . . . 

34 

0.534 

0.850 

0.355 

0.413 

0.830 

13 . . . 

35 

0.630 

0.371 

0.527 

0.476 

0.881 

14 . . . 

35 

0.437 

0.408 

0.421 

0.422 

0.414 

15 . . . 

37 

0.461 

0.408 

0.440 

0.48G 

0.628 

16 . , . 

38 

O.G09 

0.505 

0.684 

0.566 

0.468 

17 ... 

38 

0.369 

0.51G 

0.385 

0.407 

0.899 

| lo . . . 

39 

0.478 

0.387 

0.406 

0 407 

0.879 


The table shows quite clearly that the values of R are indepen- 
ent of the combination (n, %). Furthermore, the condition laid 
down under C) is controlled as regards the first three harmonics 
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S1H V) 

by forming the expressions n = ^ •^ e 

result is given in Table 2. We find that, tbougb tbe studied 
expressions are of tbe same order of magnitude, tbe variation 
between tbe three values from tbe same curve is so marked that 
Broemser’s theory of linear damping must be taken with reservation. 


Table 2. 


No. 

sin if>! 

sin i6. 

sin 


No. 

sin ij>, 

sin il> 5 

sin 'J> 3 

H, 

2 H, 

3 H 3 


H, 

2 H 2 

3 H 3 

1 

. . I 

0.36 

0.42 

0.35 

11 

. . I 

0.29 

0.31 

0.62 


II 

0.81 

0.43 

0.37 


II 

0.44 

0.39 

0.68 

O 

. . I 

0.51 

0.64 

0.01 


III 

0.34 

0.35 

0.65 


II 

0.62 

0.28 

0.14 

12 

. . I 

0.36 

0.45 

0.67 

3 

. . I 

0.21 

0.28 

0.37 


II 

0.51 

0.36 

0.63 

4 

. . I 

0.12 

0.55 

0.51 

13 

. . I 

0.86 

0.42 

0.57 


It 

0.13 

0.60 

0.48 


II 

0.30 

0.36 

0.43 

5 

. . I 

0.86 

0.66 

0.61 


III 

0.29 

0.26 

0.47 


II 

0.82 

0.63 

0.29 

14 

. . I 

0.41 

0.18 

0.34 

6 

. . I 
II 

0.28 

0.23 

0.51 

0.61 

0.65 

0.60 

15 

II 

0.51 

0.37 

0.15 

0.23 

0.28 

0.36 


. . I 

7 

. . I 

0.28 

0.17 

0.29 

n 

0.38 

0.24 

0.31 


II 

0.16 

0.50 

0.48 


8 

. . I 
II 

0.66 

0.68 

0.65 

0.49 

0.26 

0.35 

16 

. . i 

ii 

0.48 

0.53 

0.66 

0.70 

0.44 

0.68 

9 

. . I 

0.31 

0.31 

0.36 

17 

. . i 

0.48 

0.43 

0.63 


II 

0.32 

0.3 0 

0.35 


ii 

0.44 

0.42 

0.88 

10 

. . I 

0.26 

0.37 

0.49 

18 

. . i 

0.17 

0.34 

0.47 


II 

0.44 

0.36 

0.47 


ii 

0.19 

0.39 

0.62 


III 

0.22 

0.45 

0.53 


hi 

0.26 

0.41 

0.59 


According to formula (8), D can be computed if R is known: 


B-l 

•2 


' 1 
nR 


■ nR • tg y>„. 


In the above computations three values for R have been ob- 
tained for each studies curve. By means of these three values, 
three values of D can now be obtained for each n and, by putting 
■n = 1, 2, 3, altogether nine values for the damping constant 
can be obtained in respect of each curve. If Broemser’s theory 
regarding the nature of the damping were acceptable, these nine 
values, within the limits of experimental errors, should agree. 
The calculations indicated here were made for 9 of the studied 
c as cs, corresponding to 16 recorded pulse curves, and the results 
are given in Table 3. These results show distinctly that, in the 
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studied oscillations, we cannot reckon witli the simple damping 
law suggested by Broemser. 


Summary. 

Frank-Broemser’s manometer theory regarding oscillations in 
the aorta has been studied, and the following results have been 
obtained. 

1) “The fundamental (self) oscillation time” of the arterial 
pulse, as computed for 18 healthy subjects, aged 20 — 10 years, 
with different methods, gives the same values for each subject, 
regardless of the combinations of computation. 

2) Broemsf.p.’s supposition that the “manometer” has a 
constant damping factor is not correct. 
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One of the simplest and most widely adopted methods for deter- 
mining the RQ of small laboratory animals is no doubt the gravi- 
metric method described by Haldane in 1892. Mitchell and 
Carmen (1926) have described a device for using Haldane’s 
apparatus both for determining the RQ and the standard metab- 
olism. A. great drawback of this arrangement is that it is abso- 
lutely necessary to observe the animals in the experimental 
period. 

I have therefore tried to modify Krogh’s apparatus for meta- 
bolic determination so that it was possible to measure the ex- 
haled amount of C0 2 in a certain period. 

As to the details of Krogh’s apparatus the reader is referred 
to KroCtH and Lindberg (1931); here we shall merely briefly 
mention the principle of this volumetric method of oxygen deter- 
mination. (Fig. 1 shows the modification of Krogh’s apparatus 
used by the author.) 

The animal is placed in a closed system consisting of an animal 
cage (Fig. 1 a) and a container with moist soda lime. (In Fig. 1 
this has been replaced by the containers c, d, e, f and g (see later).) 
The cage and containers are immersed in a water bath the tem- 
perature of which is kept constant. By means of a pump the air 
is made to circulate. The velocity of the pump and thus of the air 
flow can be regulated by means of a rheostat. The carbon dioxide 
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is absorbed by tbe soda lime and from a spirometer bell filled with, 
oxygen and inserted in the system (Fig. 1, h) the oxygen require- 
ment of the animal is covered. The oxygen consumption is regis- 
tered on a kymograph. 


1. measurement of the metabolism, 

a) Temperature of the Water Bath. 

The temperature of the surroundings largely influences the 
size of the metabolism during metabolic measurement. Thus with 
low temperature of the surroundings rats have a comparatively 
high metabolism. "With increasing temperature the metabolism 
decreases until the temperature is reached ("the critical tem- 
perature”) at which the metabolism — other conditions being 
constant — again begins to rise. In ascertaining the standard 
metabolism it is necessary to take the measurements at the 
critical temperature”, and like the greater number of authors 
who have investigated these conditions I have made the experi- 
ments at 28°. 

Hemmingsen (1933) has treated this subject in detail. 
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to) Placing Of the Bats in the Metabolic Apparatus 
Prior to the Measurements. 

All tlxe experiments were made with rats who had fasted for 
20-24 hours. In these 24 hours prior to the measurements the 
animals had been placed in the animal cage covered by a lid with 
wire netting.- Consequently a rather large cage was selected 
(10 X 10 X 20 cm). The cage has a loose bottom which can easily 
be taken out and cleaned and in order that the rats might not 
get wet a wire net was placed on the loose bottom. A bowl of water 
was put in the cage. 

The reason why this procedure was chosen was that it was 
thought that the rats would then have had so long to accustom 
themselves to the new surroundings that they might be expected 
to keep quiet during the experiment. 


c) Body Temperature of tbe Bats. 


Rats are not completely homoiothermic, their body temperature 
depending in some degree on the surrounding temperature. 
Donaldson (1924) and Ishida (1930) found that the body tem- 
perature of normal fasting rats may vary from 34.8° to 38° during 
metabolic experiments, even though the surrounding temperature 
was kept constant during the experiments. 

Hemmingsen (1933) has closely described these conditions and 
concludes that in the case of rats it is necessary to correct the 
standard metabolism for body temperature, and for this correc- 
tion he uses the values given by Krogh (1914) (5—6 % change of 
the standard metabolism for each degree of change in the body 
temperature). 


Immediately after termination of the experiment the glass lid 
was removed, the rat taken up, and put under slight ether anes- 
thesia. 

A “rabbit thermometer” was then introduced into the rectum, 
caTe being taken that the thermometer reached right up to the 
iver. The reading was taken when the mercury column did not 
rise any more. The temperature measurements proved to he 
rather close together. (Table 1.) 

twttSf 1 ’’ 15 ' l sp '. ciallj ' d “ e *° tie faot that to 

TOoWhwl fAf 1 .*? “ C0BStat temperature, but it cannot 
probably be excluded mtb certainty that tbe circumstance that 
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the rats for about 24 hours before the experiments had been kept 
in the animal cage of the metabolic apparatus where the tem- 
perature was constantly 28° has contributed to stabilise the body 
temperature. As already mentioned, Ishida found that the body 
temperature of normal rats may vary more than 3 degrees. The 
cause of this great variation is no doubt the large temperature 
fluctuations of the rat stable in the material used by Ishida 
(from 6° to 29°). Thus Ishida’s experimental conditions are differ- 
ent from those of the author and the results, therefore, cannot be 
compared. 

Table 1. 


Body Temperature of Normal and Hypophysectomised Eats. 


1 

No. of in- 

Mean 

Highest 

Lowest 


vestigations 

value 

value 

valne 

Normal 

14 

36.7 

37.1 

35.9 

Hypophysectomised . 

12 

35.4 

36.8 

34.7 


Further Table 1 shows that the body temperature of hypophys- 
ectomised rats lies about l 1 /. 0 below that of the control animals. 
This is well known and has often been described. 


d) Technical Remarks. 

Rats display considerably less motility by day than in the night, 
and as it was of course endeavoured to keep the animals as quiet 
as possible during the experiments the glass’ lid of the animal cage 
was not covered. Other authors (Meyer and "Wertz, 1939) have 
even found it convenient to place an electric light above the cage 
In order to ensure that a period is chosen in calculating the 
metabolism in which the animal has remained perfectly quiet, 
a balloon device was at first used, which registered the movements 
of the animal. These were transferred to a Marey’s tambour 
whose pointer thus traced a horizontal line on the drum in those 
periods in which the animal lay perfectly still. As one revolution 
of the drum takes about half an hour, the tambour had to be 
lovered (or raised) some millimeters every half hour. Since this 
arrangement was found inconvenient it was discarded, and instead 
a piece of the curve was selected in which the pointer of the spiro- 
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15- 


meter traced a straight line. Such a procedure must be xegarded 
as quite safe. The spirometer pointer consists of a fine metal pom 
which traces a very thin line on smoked paper. In periods in whic i 
the rat does not keep perfectly. quiet an irregular line is traced. 

Lest currents of air (doors opened and shut or persons passing 
by) should affect the spirometer it is placed with the kymograph 
in a closed cellophane bos with a glass cover. 


e) Calculation of tbe Metabolism. 

The drum is moved by a clockwork. The constant and even 
velocity of the drum was frequently controlled. The greatest 
variation found was less than 1 %. In view of the manner in 
which the calculation is made this constant velocity of the drum 
is of the greatest importance. 

The oxygen consumption measured was reduced to 0° C and 
760 mm Hg and was calculated hy the following equation: 

_ a X 6 X (B — IF') X 60 X 10,000 
(1+ o') X 760 XS X c X d 

where v is the oxygen consumption per minute per sq. metre 
of surface. 

a is the number of mm which the spirometer has fallen in the 
selected piece of the curve, which is d mm long. In practice- 
d was between 300 and 500 mm, corresponding to measurement 
of the metabolism within a period of 15 to 25 minutes. 
b is the number of cc. of oxygen represented hy 1 mm change in 
the spirometer level (in the present case 4.45 cc.). 

B is the corrected barometric level. 

b 71 is the pressure of saturated vapours at t° (room temperature). 

c is the number of seconds which the drum takes to move 
1 mm, 

S is the surface of the rat measured in cm 8 . 


Tor the calculation of this quantity Meeh’s formula is used: 

TF 2 in which TV is the weight of the animal in gm 

value ofTf ! f ° r the meient animal 

.. 1 rats 1S S lven ^th some variation by different in 

vestigators. Thus Rubner (1902) has given K - 9 l T 

confirmed hy Benedict fiQqsn i j. A ~ y<1 > a value later 

CHELL (1926) E =11 36. ' CC ing t0 ° AEMEN & Mix- 
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A. detailed account of these facts does not come •within the 
scope of the present work; we need merely say that numerous 
other values have been used, and that those mentioned here seem 
to represent the extreme values. 

In the present work the author has chosen Rubnep.’s constant 
(9.1) which was used as late as 1940 by Herrington. 

It should be added that small variations in this factor are of 
no great importance when an experimental material and a con- 
trol material are compared. 

2. Determination of the B.Q. 

a) Investigations on the C0 2 Absorption. 

In order to investigate the C0 2 absorption a constant amount 
of CO; per time unit was admitted to Krogh’s apparatus. The 
procedure in these experiments was as follows: From a burette 
a sodium carbonate solution of known strength was allowed to 
drip into a flask with 4 n sulphuric acid. The C0 2 thus formed 
was admitted to the circulating air. If now the sodium carbonate 
solution was allowed to drip from the burette at such a rate that 
about 4 cc. of C0 2 was formed per minute (somewhat more than 
a large rat expires), and the container with soda lime was inserted 
and the animal cage left empty, a slight gradual rise of the spiro- 
meter was seen, a rise that ceased after some time, so that the 
kymograph now traced a horizontal line as a result of the fact that 
just as much C0 2 was now absorbed as was produced. This fact, 
that equilibrium is not brought about until there is a certain 
C0 2 tension in the apparatus gave rise to the following mathe- 
matical considerations. 

Equilibrium sets in when the amount of C0 2 produced is equi- 
valent to the amount absorbed. If we call the amount of C0 2 
produced per minute p, the minute volume of the apparatus M, 
and the C0 2 percentage in the apparatus when equilibrium is 
present b, we get 

h-T'X 1°0 

100 M 

that is to say the CO. percentage of the 

apparatus = t ^ ie GO; produced per minute X 100 
the minute volume 
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from this it will appear that: 

1) The GO. percentage is independent of the volume of tlio 

apparatus, . . 

2) It is important that the minute volume should he relatively 
large as the CO. percentage in the apparatus will then be less. 


In the determinations made by me the minute volume was 
o. 900 cc. and if we assume that a rat produces 4 cc. of CO. per 
minute, the C0 2 percentage in the animal cage will be less than 1 j t . 

How long will it take before equilibrium is present, and on 
what does the time depend? 

The amount of CO. in the apparatus is called x and the varia- 
tion in (addition to) the CO. is called dx. The variation per unit 

of time is then dl denoting a time interval. 

M is the minute volume; V the total volume of the apparatus; p 
is the amount of CO. produced per unit of time. The amount of 
CO. which leaves the apparatus and is absorbed per time unit is 

~XM. 


The variation in the CO. content of the apparatus per time unit 
can also be expressed in terms of the difference between the 
C0 2 produced per unit of time and the CO. removed per unit of 
time. "We then get the following equation: 


dx 


’■ X M 


dt 


V^TyX M 

This equation is solved with respect to t 

1 z 

M 


V_ 

' M, 


v X V 
- M 


X dx 


x 


L v x v . 
\ M ■ 


p-y 

M 


r-r X 


or 


' M 


xl- 


JL 

v-y' 


seen. we Are 

fun “ the case itt “ 7 ““ TSt 

*—162524. Acta } ihys. Scandinav. Vol. IS. 



18 


130RGE GOTFRED CHRISTENSEN. 


If p is assumed to be 4 cc. it will take 15.3 minutes before 99 % 
equilibrium is obtained. 1 


b) The Apparatus for the Carbon Dioxide Absorption. 

The expired air is first cooled in a condensor (Fig. 1, b) by 
which part of the water vapour is removed, and is then dried 
by being passed through the "desiccator'"'’, consisting of a 5 1 /, cm 
wide tube with calcium chloride, at the mouth of which there 
is a 6 cm deep layer of Blaugel (Fig. 1, c). 

Blaugel is a fine-grained silica gel to which an indicator has been 
added, the substance being a deep blue in the completely dry state. 
On absorbing water it turns first colourless, then pink. Blaugel 
is easily regenerated by being heated for a couple of hours in a 
drying box at 160 — 170°, 

The dried air is now admitted to the absorption apparatus 
which consists of two large U tubes with a large expansion in 
the bend of the U tube. The tubes are closed with ground stop- 
cocks. (Fig. 1, d and c; Fig. 2). 

By using U tubes of the form mentioned here two advantages 
are gained. 1) The volume of the tubes is considerably increased, 
2) the flow of air through them is slower, on account of the ex- 
panded part. 

The first U tube through which the air flows after desiccation 
contains rather coarse pieces of moist soda lime; the second one is 
filled with Blaugel and serves to absorb the moisture given off by 
the soda lime. 

The two U tubes are weighed before and after an experiment. 
Since the tubes, especially the Blaugel tube, are charged with 
static electricity, it is necessary to wipe them with a moist piece 
of wash leather before weighing them. The increase in weight 
indicates the weight of the absorbed CO,. Finally the air is passed 
over an indicator which is decoloured by CO,. 

That the Blaugel tubes are able to dry the air completely is 
proved by letting the apparatus function for 2 — 3 hours without 
animals and without any addition of CO, but with a little water 
in the animal cage. The U-tube with Blaugel should then have 
increased just as much in weight as the soda tube has lost. The 
error in suc h weighing has never exceeded 3 — 4 mg. The increase 

to wL 0 m h l\ P cn<Ier ’^Xl'ThfZ 5 * ^ indCbtCd ‘° Mr EmK JAC0BSE * 




Fig. 2. The absorption apparatus (c. V 4 of normal size). 

— respectively loss — in weight of the two tubes in such experi- 
ments constitutes between 1 and 1.5 g, depending on the duration 
of the experiment and the length of time the soda lime has been 
used. It is necessary to use copious fresh Blaugel so as to get the 
air completely dried on both sides of the soda lime. For every 
second experiment the Blaugel was replaced by a new portion. 

It should be noted that it was found that calcium chloride 
alone cannot be used at all for the quantitative drying instead 
of Blaugel, at any rate if such small amounts are used that 
the U tubes can be weighed on an analytic balance with an 
accuracy of 1 / t mg (maximum load 200 g), as done in the present 
investigation. 

That the soda lime is able to absorb the C0 2 completely will 
appear from the fact that experiments with considerable amounts 
of C0 2 (about 20 cc. per minute) added to the circulating air never 
caused decolouration of the above-mentioned indicator. 

With constant admission of C0 2 to the apparatus a certain 
amount of C0 2 will be accumulated — as previously stated — 
before the amount is supplied which is equivalent to the amount- 
absorbed. 

As it was desired to determine the oxygen intake and the car- 
bon dioxide elimination within the same period as the RQ deter- 
mination, the final C0 2 absorption system must consist of two 
absorption systems, one of which is used to establish C0 2 equili- 
brium in the apparatus (in the sequel called the equilibrium 
system) (Fig. 1, d and e). When equilibrium has been attained a 
change is made to the system in which it null be possible to recover 
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the amount of CO» admitted in the period in which this system 
(the analytic system) has been used (Fig. 1, f and g). 

The drying (Fig. 1 c) is common to the two systems. It has pre- 
viously been mentioned that the C0 2 percentage of the apparatus 
is inversely proportional to the minute volume, which again is 
dependent on the resistance in the circulation. 

In order that the C0 2 percentage of the apparatus may not change 
on changing from one system to the other it is therefore necessary 
that the pump used should be so constructed that the amount of 
air it conveys is, within reasonable limits, independent of the 
resistance in the apparatus. Further it is of course an absolute 
requirement that the pump should be perfectly tight. 

c) Experiments Designed to Show the Possibility 
of Recovering a Calculated Amount of COn. 

The animal cage, desiccator, and both the absorption systems 
are lowered into a water bath where the temperature is kept con- 
stant. — The animal cage is empty. 

The air is now allowed to circulate through the analytic system 
for a few minutes, then we change over to the equilibrium system 
in order as far as possible to empty the apparatus of C0 2 , close 
the four stop cocks in the analytic system, take it out of the 
water bath, wipe it carefully at once, weigh it and put it in place 
again. 

Then a known amount of C0 2 per time unit is admitted to the 
apparatus. This is done as previously described by means of a 
sodium carbonate solution. The flask in which C0 2 is formed was 
inserted in the apparatus in such a way that the sulphuric acid 
was constantly bubbled through since otherwise some C0 2 would 
be dissolved in the fluid and of course more 'with an increasing 
amount of fluid. The sodium carbonate solution was standardised 
partly by titration with hydrochloric acid, and partly a certain 
amount of the sodium carbonate solution was admitted to the 
apparatus (without soda lime container) and it was ascertained 
that the amount of CO. developed (increase on the kymograph) 
corresponded to the calculated amount of CO.. 

Experiment. 

First the air current was passed through the equilibrium system 

and when equilibrium had been attained, a change was made 

at a particular mark on the burej.te — to the analytic system. 
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For the next 45 minutes 10.0 cc. of sodium, carbonate solution 
were now admitted, corresponding to 189.5 cc. of CO*. Then the 
cocks in the analytic system were closed, and the analytic system 
was weighed. Table 2 shows the result of two such experiments. 


Table 2, 


Increase in weight 
of Blangel tube 

Loss in Weight of 
soda lime tube 

Absorbed amonnt 
of CO, 

Deviation from 
calculated amount 
of CO, 

467.fi mg 

102.0 mg 

365. C mg 
or 186.6 cc 

~I.C * 

458.5 mg 

80.3 mg 

378.2 mg 
or 193.0 cc 

+ 1.8 % 


d) Discussion on the Standardisation of the Apparatus. 

The usual way in which large apparatus for HQ determinations 
are standardised is by ethyl alcohol combustion. If the alcohol 
undergoes complete combustion the BQ for this substance is 
0.67. For technical reasons it is, however, impossible to make such 
a determination with the apparatus here described, the maximal 
capacity of the spirometer being c. 500 cc. of oxygen, an amount 
which is able to burn c. 340 mg of alcohol. It was considered 
whether an attempt should he made to burn so small an amount 
of alcohol without a wick, e. g. by means of a red hot. platinum 
wire, but since it was not certain that the alcohol would undergo 
complete combustion to CO, and II .0 by that method, the idea 
was given up. 


e) The Procedure in the Animal Experiments. 

We shall now briefly describe how the animal experiments 
were performed. The animal cage with the rat was inserted in the 
system. To ensure that the cage was saturated with water vapour 
at the temperature prevailing (28°) some of water, besides that 
in the drinking vessel, were placed in the bottom of the cage. This 
is a safeguard against the error in the oxygen determination that 
would arise if the animal voids the urine during an experiment, 
as it cannot be assumed that the moisture of the expired air is 
sufficient to saturate the circulating air with water vauoto. 
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The air is now allowed to circulate through the analytic system 
for about 10 minutes, whereupon the cocks of this system are 
closed. It is taken out of the water bath, is dried, weighed, and 
put in place again. During this procedure the air circulates through 
the equilibrium system. 

The spirometer is now filled entirely with oxygen and after 
the air lias circulated through the equilibrium system for about 
15 minutes, we change over to the analytic system at the same 
time as a mark is put on the kymograph (for instance by lightly 
touching the spirometer). When the oxygen bell is nearly empty, 
another mark is put at the same time as the cocks of the analytic 
system are closed. The experiment is now finished. 

The whole spirometer bell has been used in all the experiments. 

The analytic system is again weighed and the increase in weight 
is due to absorbed CO-. The oxygen consumption is calculated 
from the distance between the two markings on the kymograph. 

It is of the very greatest importance that the animal cage is 
frequently cleaned. At a certain stage of the investigations the 
RQ values obtained seemed unusually high, and blank tests 
showed that the soda lime tube gained much more in weight than 
the Blaugel tube lost, so that the CO- values became too high. 
The cause of this was that CO- developed in the cage from old 
urine. After the animal cage had been cleaned with a sodium 
hydroxide solution and water there were no discrepancies in 
weight between the two tubes in blank tests. 

It was therefore necessary to discard the determinations that 
had preceded this discovery. 

lor each of the RQ values in this work a blank analysis was 
made after the determination; it proved satisfactory. 


Own Investigations. 

Method. 

For the experiments were used albino rats descended from the 
stock of the Wistnr Institute, and inbred in the Laboratory 
through 30 — 10 generations. 

Only mnle rats were employed. 

The rats were kept in the rat stables of the Laboratory — also 
for some time before the experiment — where the temperature 
is between 20” and 22". 



MEASUREMENT OF THE STANDARD METABOLISM. 
The diet of the animals consisted in 


skimmed milk powder 22.5 p. c. 

potato flour 40.0 p. c. 

dried powdered pig liver 20.0 p. c. 

dried yeast 7.5 p. c. 

peanut oil 9.0 p. c. 

shark liver oil 1.0 p. c. 


Hypophysectomy was made by tjre parapharyngeal approach, 
as described by Smith (1926, 19^7). 

The skulls of the hypophysectomised rats were saved for his- 
tological examination of serial sections through the decalcified 
brain base in the region of the pituitary fossa. 

For hypophysectomy rats weighing about 200 gm were used. 


Results. 

1) The Standard Metabolism. 

From Fig. 3 it will appear that the standard metabolism of 
the control rats, measured at the collection of the oxygen, cal- 
culated per surface unit is independent of the weight of the 
animals, as has indeed been shown by Benedict (1938). 



fig. 3. 

Abscissa: Weight of the rats (gm). 

Ordinate: The standard metabolism (oxygen consumption) calculated perminuto 
per sq. m of surface. 

x . Untreated control rats. 

• . Shamhypophysectomised rats. 

O- Normal rats injeoted with Oleum arachidis. 


Further, it is seen that there is no difference in the metabolism 
of untreated control rats, shamhypophysectomised rats, and 
normal rats treated with Oleum arachidis. 
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The values found here are in good accord with investigations 
by Anderson and Collip (1934), who found an oxygen con- 




c: 



Fig. 4. Standard metabolism of 
hypophyscctomiscd rats. 

Abscissa: Time of hypophysectomy. 
Ordinate: Oxygen consumption (cc. O s 
per minute per sq. m of surface). 


sumption of 108 — 122 cc. 

Fig. 4 shows the metabolic 
values for hypophysectomised 
animals. 

It is seen that already 4 days 
after the operation there is a 
reduction in the metabolism of 
about 16 %. This reduction 
is not due to the operative 
trauma, since 4 shamhypo- 
physectomised rats showed 
normal values on the third day 
after the operation (104 — 113 
— 100 and 115 cc. of oxygen). 
After a week’s hypophysec- 
tomy the reduction in metab- 
olism is very marked, but with 
a considerable divergence be- 


tween the individual determinations. Not until a week later are 


the values closer together, and the reduction in metabolism now 
amounts to 34 %. 1 or 2 months after hypophysectomy the re- 
duction is 38 %. 


These values accord with those stated by Forster and Smith 
(192G) and Teague (1939). 


2) Determination of RQ. 



The author’s own experiments on the RQ 
dpterminations will appear from Fig. 5. 

The determination was made after 24 
hours’ fasting. For the hypophysectomised 
animals the analysis was made between 2 
weeks and 2 months after the operation. 

The average value of the RQ for normal 
rats is 0.7:>, while for hypophysectomised 
animals the RQ is somewhat higher, 0,77. 

A number of authors (Fisher and Pen- 
chare, 1 936; Fisher, Russell and Coin 
1936; Russell 1938) found an increased 
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respirator*' quotient (0.78 —0.81) in hypt>phy*metoiiH a ed tilt-, 
against 0,72 in normal animals, This finding 1ms been made to 
subserve the theory that hypophyaertomised nnintnlh have an 
increased carbohydrate combustion. as well as the theory that tin* 
abnormality of the fasting carbohydrate metabolism of hypo- 
physectomised animals consists in the failure of these animals to 
form carbohydrate of fat. 

Even though it has not he»*n possible in this work to demonstrate 
the rather considerable rise in the HQ which has been mentioned 
above, it would seem, nevertheless, that the HQ of the fasting 
hypophysectomised rats }ms a tendency to lie somewhat higher 
than the HQ of the control animals. 


Sumnmry. 

.-V description of a simple apparatus for simultaneous measure- 
ment of standard metabolism and the respiratory quotient are 
given. The work is supplemented with investigations on norma! 
and hypopliysectomir.ed rats. 

The values obtained were in good accord with earlier investiga- 
tions, even though it has not been possible to demonstrate the 
rather considerable rise in the HQ after hypophyscotomy which 
has been described by other authors. 
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In 1944 B. Holst demonstrated a very close correspondance 
between the metabolism of glycerol and that of ethyl alcohol. 
Like ethyl alcohol glycerol is fairly rapidly absorbed from the 
intestinal tract and evenly distributed. One to one and a half 
hour after oral administration even of large quantities of glycerol 
an equilibrium between blood and tissues is obtained. From this 
point the glycerol concentration in the blood declines following 
a rectilinear course, indicating that the oxidation of glycerol is 
independent of the concentration in the blood and tissues, at any 
rate within a fairly wide range. Since the urinary excretion plays 
a not quite insignificant part in the elimination of glycerol and 
since this excretion must be dependent on the concentration in 
the blood tbe elimination curve for glycerol cannot be absolutely 
rectilinear. However, for all practical purposes it can be consid- 
ered so. Tbe oxidation of glycerol as the oxidation of ethyl alco- 
hol takes place exclusively or practically exclusively in the liver. 
In the peripheral tissues, especially the muscles, practically no 
direct oxidation occurs. The rate of disappearance in the liver is 
so high that only a fraction of the glycerol can he completely 
oxidized while the greater part must undergo only a partial oxida- 
tion. The product formed by this partial oxidation is assumed to 
be readily completely oxidized in the periferal tissues. 

As pointed out by Lundsgaard (1937) the predominant role 
of the liver in ethyl alcohol oxidation offers an explanation to 
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the fact that oxidation of ethyl alcohol is not affected by muscular 
exercise. During muscular work as in rest the primary partial 
oxidation in the liver is the limiting factor for the metabolism of 
alcohol, and the rate of this primary partial oxidation in the liver 
is assumed not to be influenced by the increase in oxidations in 
the working muscles. 

Since, however, glycerol is a normal metabolite — in contrary 
to ethyl alcohol — it cannot be taken for granted that the partial 
oxidation of glycerol in the liver is not affected by muscular 
work. To maintain the conception that the liver plays a pre- 
dominant role in fat metabolism it is necessary to assume that the 
fat metabolism of the liver as a whole is increased when muscular 
work is performed on a diet rich in fat. On the other hand to 
maintain the conception mentioned it is not necessary that the 
oxidation of glycerol should be increased during muscular exer- 
cise since the amount of glycerol oxidized per unit of time during 
rest after administration of glycerol far exceeds the amount of 
glycerol set free from fats even during strenuous muscular work 
performed mainly at the expense of fat. 

bor these reasons I have considered it worth while to try 
whether or how the elimination of glycerol is affected by mus- 
cular exercise. 


Experimental Pnrt. 

The experiments were carried out on two healthy young men in 
tairiy good physical training, weighing 67 resp. 70 kilogrammes. The 
gijeerol was administered per mouth in the morning 15 to 1G hours 
r l r C ast moa ^* The quantity of glycerol administered has been 
\vhnt j ln 300 nil* water. This quantity is some- 

nor i-;i b r mn . t lnt us ?d by Holst in his experiments (O.s-i gramme 

Wtion g n?TVT f' According t0 ln >' findings, however, the 

ZTio ,1 1 mass of * hc bod >- which nets as a solvent for gly- 

stated bv HmtT Vr C nS < 0C 'f tbc b,ood ,s considerably larger than 
MOT f cnS fi iT" v Sl nc f0r this fr{,ction - which after Wn>- 
subieote In n! ' 7 ° C . d r .’ 1IoLST has found to be 0.52 in human 
(1 7 0 and in ih ,M ' ex I K *rimental subjects r was found to be about 
nmv b! n Iv S PVCn “ bou 1 t <\ 80 - Tllc for this discrepancy 

rentntion'fnVl bi” - C <3ct . cnninRtions of thc glycerol con- 
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60 to 80 minutes after the administration of glycerol the first blood 
sample is collected. The following samples are drawn every 20 minute. 
The glycerol concentration is determined in 0.2 ml. whole blood by 
means 'of the method of Horst (loc. cit.). CO to 80 minutes after the 
first sample has been drawn the work is started. The work is performed 
on a Ivrogh bicycle ergometer. The intensity of the work has for both 
experimental subjects been 690 kgm/min. The duration of the working 
period has been 80 minutes. After the cessation of work the collecting 
of blood samples has been continued for 40 to GO minutes. In the middle 
of the working period the gaseous exchange was determined using the 
Douglas bag method. 1 From the results of these determinations the 
amount of fats metabolized during the period of work has been com- 
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yi£. 1. Glj rcrol concentration in the blood after oral administration of 05 grammes 
of glycerol nt rcro time. 

At>wi«A.tr; time in hour?. 

Ordinate; glycerol concentration in mp%. 

Oxygen consumption during work; l,r>151itcra/minute. HQ ; 0.S2 • 38.2 grammes 
or fM mei-sh-dired during period or work Displacement of curve corresponds (o 
4.5 grammes r,f glycerol. 


The results from an experiment of this kind are given in fig. L 
A? will be seen the decrease in blood glycerol concentration is 
definitely slowed down during the performance of muscular work. 
The displacement of thr blood glycerol curve due to this effect of 


> r.T *>:<■ .Jirr-rthm of t!:i« rs*«stJ*l part of the experiment* I 
to ]>r. r,, 


am highly rrj. 
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muscular work stands out still more clearly when tlie experiments 
are carried out in that way, tliat the glycerol concentration in the 
blood is kept constant prior to the commencement of the period 
of work. This can rather easily be obtained since the amount of 
glycerol eliminated per unit of time by the experimental subjects 
can be calculated from the curves obtained after administration 
of a single large dose. In the experiment presented in fig. 2 


iOO 


so 


Pip. 2. Glycerol concentration in the blood nftcr oral administration of 50 grnmmcs 
of glycerol at zero time and 5.4 grammes nt each of the small arrows. 

Abscissae: time in hours. 

Ordinate: glycerol concentration in mg%. 

Oxygen consumption during work: 1.57 liters/minuto. RQ : 0.85 • 33.8 grnmmcs 
of fat metabolized during period of work. Displacement of curve corresponds to 
4.'.' grammes of glycerol. 

50 grammes of glycerol were administered at zero time and 5.4 
grammes were administered just after the drawing of each blood 
sample t. e. every 20 minute starting one hour after the first large 
dose. 

The increase in the glycerol concentration in the blood in this 
experiment and the displacement of the elimination curve in the 
experiments of the other type may be due either to a decrease in 
the rate of glycerol oxidation in the liver or to the increased libe- 
ration of glycerol from fats during muscular work. A decrease in 
glycerol oxidation might be due to n competition between glycerol 
and otlmr metabolites set Tree during muscular work. Glycerol set 
fr-'e in the metabolism must ncrurmdnje in the organisnmsince the 


— • - * r * 






work. 690 kgm/nu'n. 

J -1 ! 1~ 
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enzyme system engaged in glycerol oxidation must be considered 
saturated after administration of glycerol. 

If ethyl alcohol is administered after administration of glycerol 
the rate of glvcerol oxidation is markedly decreased. An example 
of an experiment of this land is presented in fig. 3. 



T’ig. 3. Glycerol concentration in blood after oral administration of G5 grammes 
of glycerol at zero time. At arrow 50 grammes of ethyl alcohol per mouth. 

Abscissae: time in hours. 

Ordinate: glycerol concentration in mg%. 

In this case the decrease in the rate of glycerol elimination is 
most likely due to a competition between the two substrates and 
thus further indicates the close relationship between glycerol and 
ethyl alcohol metabolism. It is not possible to suppress completely 
the oxidation of glycerol by administration of etlivl alcohol. In 
my experiments the rate of glycerol elimination was decreased to 
about 1 / 3 of the normal. However, it is riot excluded that the 
oxidation of glycerol could be more completely blocked at verv 
low glycerol concentrations. For this reason I have tried whether 
it is possible after administration of etbyl alcohol to demonstrate 
an increase 'in the normal very low glycerol concentration in the 
blood during muscular exercise. This, however, was not possible. 
I have only performed a single experiment of this kind. The blood 
glycerol concentrations found were: Before administration of" 
ethyl alcohol: 2.2 mg%, after administration of ethyl alcohol but 
before start of the work: 2.0 mg%, during tbe period of work: 
1.9 mg%, 3.G mg%, 3.G mg%, 3.0 mg% and 3.3 mg%. 
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Discussion. 


It is scarcely possible definitely to decide whether the effect 
of muscular exercise on the elimination curve of glycerol is due to: 
I) an inhibition of glycerol oxidation, 2) the increased liberation 
of glycerol from fats during the period of work. However, I am 
inclined to consider the second explanation the most likely. A 
rather definite proof for the correctness of tliis explanation would 
have been obtained had it been possible to demonstrate an in- 
crease in the normal low glycerol concentration in the blood 
during muscular work after inhibition of glycerol oxidation by 
administration of ethyl alcohol. On the other hand the failure 
to demonstrate such an increase cannot be used as an argument 
against this explanation. From the determinations of the gaseous 
exchange the amount of fats metabolized during the period of 
■work can be computed. Such calculations show that during 80 
minutes of work about 3.5 grammes of glycerol have been liber- 
ated in my experiments. The normal rate of oxidation of glycerol 
after oral administration has in my experiments been found to 
be about 20 grammes per 80 minutes. Hence, even if the rate of 
glycerol oxidation is decreased to 17.5 % of the normal, the 
oxidation can keep pace with the liberation of glycerol during 
work and not until it is decreased to less than 10 % of the normal 
rate a definite increase in the concentration in the blood should 
o )ser\ able. When no increase in the normal glycerol con- 
centration in the blood was observed it is presumably due to the 
iact that it has not been possible to suppress the oxidation of 
gl\ cerol to a sufficient extent. 


An argument in favour of the second explanation mentioned 
. mve can be found in the following fact. The quantity of glycerol 
ecessary to bring about the displacements of the blood glycerol 
“T Cft ? be Calrulatcd wllcn the fraction of the total 
mm Hk 7 Wh ’ Ch nCtS aS S ° lvcnt for Btyccrol is known. This 

TSlZrX ° XperimCntS Wn found t0 3 - to 4.3 grammes 
V ' ■ T lc accu ™cy of these calculations must he limited 

a t h, displacements of the curves observed are only small. How- 

’ <! ,mnt,t r of glycerol calculated in this wav is in the 

° rthr of rnr, grntude as the quantity of glycerol contained 
m tbr ,.f r.l. duri„ B ' H, c of ° 
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be due to a depression of the glycerol oxidation it is unlikely that 
the quantity of glycerol which thus evades oxidation should cor- 
respond so closely to the quantity contained in the amount of fats 
metabolized. 

If triglycerides arc broken down in the periphery i. e. in the 
working muscles then at any rate the glycerol component has to 
pass to the liver to be partially oxidized before it can be utilized. 


Summary. 

The fall in the glycerol concentration in the blood after oral 
administration of glycerol is slowed down during muscular work. 

This effect is assumed to be due to the liberation of glycerol 
from the fats metabolized during the work. 

If triglycerides are broken down in the working muscles, then 
at any rate the glycerol component is not directly oxidized in the 
muscles. 

The presence of ethyl alcohol in the blood causes a marked de- 
pression in glycerol oxidation, a further indication of the close 
relationship between the metabolism of the two compounds. 
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In a recent paper the author reported the occurrence in extracts 
of leaves and plants of a factor of phenol-like character which 
interfered with the chemical determination of thiamin by the 
method of Melnick and Field (Agren 1945 a). Some of the 
chemical properties of the factor were described. The present 
paper deals with the mode of action of the factor. 


Experimental. 

Preparation of extracts. The factor was purified from extracts of 
aspen leaves according to the method previously described (Agues 
194. r i a). About 0.5 m£ of the purified and dissolved preparation caused 
the disappearance of 0.3 mg of thiamin when determined by the method 
of Melnick and Field ns applied by Agren (1945 a). 

Thiamin determinations. Thiamin was also determined by the tliio- 
chrome method, mainly according to the modification of Harris and 
Wang (1941). Special care was taken to work with the optimum amounts 
of potasdurn ferricyanidc in the oxidation of tliiochrome. 

Cysteine and cystine wore determined according to the method of 
Kassel and Brand (19.18). 

Ineuhntion procedure. To 1 ml of a thiamin solution containing 2 
micromoles of thiamin were added 2 ml of 0.05 31 phosphate buffer 
of pH 7.1 and 1 tnl of a solution containing the factor interfering with 
thiamin ns determined with the dinzo method. When necessary the 
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solution containing the factor was neutralized to pH 7.4. Water was 
then added to a final volume of 10 ml. 2 ml aliquots were analyzed 
according to the method of Melnick and Field by adding 2 ml of ethyl 
alcohol, 1 drop of 0.5 N sodium hydroxide and 4 ml of the diazo reagent. 
0.2 ml aliquots were usually analyzed by the thiochrome method. The 
time of incubation, i. e. the time taken to make up the 10 ml solutions, 
to remove the different aliquots and to make the final addition of 
the diazo and thiochrome reagents amounted to about 4 — 5 minutes. 
The procedure was carried out at 20° C. 


Results. 


The activity of a 5 per cent solution of the factor purified from 
aspen leaves was determined by the method of Melnick and 
Field. 

A. In a dilution 1 : 10 the extinction value was 0. 

B. In a dilution 1 : 50 the extinction value was 0.16. 

C. A control without the factor gave the extinction valile 0.45. 
The possibility existed that the interference of the factor might 
be associated with a greater affinity of the diazo reagent for the 
factor than for the quaternary nitrogen in the thiazole nucleus 
of thiamin (cf. Melnick and Field 1939). Determinations were 
therefore carried out with 0.5 ml aliquots of solution B + 1.5 
ml of water + 2 ml alcohol and 4 ml of the diazo reagent. The 

extinction value 0.03 was obtained. Calculated value = 0.04. 

As a control 0.5 ml aliquots of C were diazotized in the same man- 
ner. The extinction value 0.11 was obtained. Calculated value 


(4] = 0.11. Obviously the factor interfered with the thiamin 

determinations even in the presence of a considerable excess of 
the diazo reagent. The result did not provide evidence of a com- 
petition for the reagent between thiamin and the factor. 

On the other hand it was also possible that the activity of 
the factor might be associated with a direct change of the thiamin 
molecule. This alternative was perhaps favoured by the reducing 
properties of the factor, which might change the thiamin molecule 
in a way similar to that of sodium sulphite (Williams et al. 1935) 
or cysteine and glutathione ( Agren 1945 b). The possibilities were 
first investigated by means of the Phycomyces assay method. 
The result of this investigation, to be published in detail else- 
where, showed that the growth of the fungus was also normal 
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on a medium where the thiamin content, according to determina- 
tions by the Melnick and Field method had been totally de- 
stroyed by the addition of a sufficient amount of the leaf factor. 

Considering the result previously obtained with the Melnick 
and Field method, the outcome of the Phycomyces assay might 
be explained in two ways. With regard to the reducing properties 
of the factor the most probable alternative seemed to be that 
the factor acted in a manner similar to that of the thiamin- 
destroying fish enzyme or sodium sulphite, in which case the 
fungus, after coupling together the two halves of the vitamin, 
would grow as normal. A second possible explanation, also in 
line with the reducing property of the factor, would involve a 
change of the thiamin molecule into a reduced state where it 
would not couple with the diazo reagent. In view of the results 
obtained with the Phycomyces assay method this alternative 
seemed less probable since Lipmann and Perlmann (1938) 
found that their reduced form of > the vitamin was biologically 
inactive. However, the biological method used by these authors 
was not described. 

To determine whether thiamin was split or only reduced by 
the action of the leaf factor, the reaction was followed by means 
of thiochrome determinations (Harris and Wang 1941). In the 
modification used by these authors no fluorescence was obtained 
in tests with 100 /<g of either or both of the two halves of the 
■vitamin.'. Thiamin was also split with sodium sulphite according 
to Mason and Williams (1942) in the following wav: 

I. 2 micromoles of thiamin 25 mg of sodium sulphite dis- 
solved in 3 ml of water. pH adjusted to 5.0. 2 ml of 0.2 M acetate 
buffer of pH 5.0 added. 

II. As in I but with 0.2 micromoles of thiamin. 

The samples were incubated for 15 minutes at 100° C and 
su >secjuentl) diluted to 10 nil. 1 ml aliquots gave no trace of 
blue fluorescence in the thiochrome method. The Melnick and 
I'Ikld reaction carried out on 2 ml aliquots of I and II was 
negative. Determinations with the thiochrome method were next 
carried out on 0.5 ml and 0.1 ml samples of solutions made up 

' 1 i n, \ C ^ ser * cs f^e same fluorescence was 

?! 1Cn th ° n1if l“ots from A and C were compared. The 


^ Depart- 

5-^hrdrc.iTrlhjr5tbJ»M!e (Mwk) in th-Vcent Tn^sURntioB 8 " 3 
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factor obviously did not act by splitting thiamin into its two 
halves. 

When 15 mg of cysteine or vitamin C was incubated at pH 
7.4 with 2 micromoles of thiamin for 2 hours at 40° C (total volume 
10 ml) the Melnick and Field reaction carried out on 2 ml 
aliquots was negative (cf. Agren 1945b). Thiochrome determina- 
tions simultaneously carried out on 0.2 ml aliquots gave the same 
fluorescence as aliquots from a control series made up in the same 
way but without cysteine or vitamin C. Control series containing 
only vitamin C gave no blue fluorescence, but those containing 
cysteine only, gave a distinct blue fluorescence as shown in Table 1. 


Table 1. 

The influence of cysteine and vitamin C on determinations of thiamin 
carried out with the Melnick-Field method and the thiochrome method. 

2 micromoles of thiamin inenbated for 2 hours at 40’ C. with tho reducing 
substance. Total volume in each series 10 ml. The diazo reaction was carried 
out on 2 ml aliquots and the thiochrome reaction on 0.2 ml aliquots. 


Sample , 

Thiamin in 

per cent of original found by 

diazo method 

thiochrome method 

Cysteine 15 mg + B, ... 

0 

105 

Cysteine 15 mg (control) . . 

no colour 

bine fluorescence corresponding 
to about 5 % of thiamin tests 

Vitamin C 15 mg + B, 

0 

100 

Vitamin C 15 mg (control) . 

no colour 

no fluorescence 

B, (control) 

100 

100 


In the series with cysteine + thiamin, cystine precipitated during the reac- 
tion. No cysteine was recovered in the control series. 


It seemed conceivable that a possible reduced form of thiamin 
might be oxidized to thiocrome with ferricyanide and alkali. In 
the form obtained after interaction with cysteine or \itamin C 
the thiamin could not be determined by the method of Melnick 
and Field. As reported by Lipmann and Perlmann, sodium 
hyposulphite reduced thiamin. When the reaction was performed 
in a manner similar to that described by the authors a product 
could he obtained which reacted with the diazo reagent of Melnick 
and Field (Agren 1945b). The process was repeated exactly as 
previously described and was followed by determinations by the 
thiochrome and diazo methods. The thiochrome determinations 
were carried out on 0.2 ml aliquots of the solutions and the diazo 
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Table 2. 

The interaction between thiamin and hyposulphite. 

2 micromoles’ of thiamin incnbated for 2 hours at 30’ C with different amounts 
of hyposulphite. The thiamin valnes arc given in per cent of the original 
amounts present. TM = thiochrome method. DM = diazo method. 


Sample 

1 

! 

Thiamin valnes after incubation with 
the following amounts of hyposulphite 
in millimoles x 10r s 

0 

1 

4 

8 

TM 

DM 

TM 

DM 

TM 

DM 

TM 

DM 

i 

| 15, + Nn.S.O, in NaHCOj 

i B, in XallCOj 

100 

9S 

100 

100 

50 

55 

15 

10 


determinations on 2 ml aliquots diluted to 10 ml. Typical values 
arc given in Table 2. 

AY hen tlie molar ratio between thiamin and hyposulphite was 
1 : 5 no inactivation of thiamin as determined by the two methods 
could be found. When greater amounts of hyposulphite were 
used the inactivation” observed was probably associated with 
a further reaction of another type, also observed by Lipmann 
and ascribed by him to the saturation of a second double bond in 
the thiamin molecule. Furthermore, it was not possible to reoxidize 
the last-mentioned type of reduced product with ferricyanide and 
alkali (cf. Table 2). 

1 roin the results reported above it seemed possible that a 
m uction of thiamin could occur in several steps or in different 
ways, an observation already made by Lipmann in 1937. The latter 
an lor o served a transient yellowish -green colour appearing 
on the addition of hyposulphite to neutral thiamin solutions. 
According to Lipmann the hydrogenation of the first double 
t»nnd in the thiamin molecule proceeded in two steps and a 
nr kt reaction was connected with the saturation of a second 

■ ' ' ° JT ' T ie ! ast nu ‘ n,i °ned reaction was stated to be an 
vcrsible step. From the results obtained in the present in- 

i™ s, 1 .' r™7 ,,ro ' ,r,l> '' - . ,|, ° rai " cii °" 

C L ‘ ' ,lan '.)■ Vitamin 

, in ',' f - , KAI '" CK ar ‘d Oooijt.anp 191-1) and nrobablv 

by the tactor .-dated from aspen leaf. In the first case the reduced 
vitamin could be d^wnum-d by the Mei.nick and Finn 


rcuc- 
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Table tU 

The interference of different benzene deritaiitet ronicininp phenol or 
qttinone groups on the d'tenninalion of f?.-*3«in JJst- 
Mein it l- Fit hi tnrlh od. 


2 m5rtw.trt« of thiastis sc2 IN, l.f< or 0.T0 nt* of Ibr *:0>t*,src»- i" !•' OM'-t 
•sm <IU^W<d i» n T«tanr of 10 sal. TV -rater* re Or t« ikr rxtiwtwi taku 
pvra In' i5iar«;i<rA, 2 jnl nloje-s* r.f the JO r,1 wsrij-D'*, 


i 

j 5 nb5t.it: ct* 

\ 

J-Y-fSloli 

KttiscUor. 

sr. RS 

Valor-, t n !?• 
' i.J jr.jr 

fKKu | 

! lVnot* 


0 <r. 

0 if 

tur ■ 

j Tlivrnol* 

15,011 

ft 

ft,< 0 

, o.<:> ; 

; Dvfnatteciiol* . . . 

r, «/<»«;. 

<1 

ft 

; ft.it> i 

i Yrrairole 1 .... 

r.Hgotmp. 

O.K 

o itr 

iM!, 

j Itejorcinot' .... 

f.nyom. 

ft 

ii 

tt.kt 

: Orrinol’ 


0 

eg- 

H.$ 5 4 

\ Hyitwininor.e* , . 
Hyrliwiuiaon'itim” 

C*K ,(<»«!, 

' — * 

1} 

o %\ 

cthvMhor . . . 

UH.mcHp. 


O «'*, 

0*5. 

Qninonr t 

O f» 

’ ft 

»•:<< 

t> *0 

I'vropatlnft .... 

(Utpoin, 

! 0 


/ 0 r.n 

I’iiloroplcHnol' . . 


■ 0 

ft.J s 


rt-Naphltiol 1 . . , 

C.H.OI! 

o 

ft 

«-■ 

i StiphtlioreMrcinol 1 , 

‘ 0,.11,'om, 

j 0 

ft 

0.45 

! •i-Naplitlio'jBincmr’ 

t'tJbOj 

: O.m 

0.5 0 

U,|5» 

j Vanillin' . . . . , 

rH.oioiiHUjp'na 

\ 0 4.', 

0<f. 

o « 

! Hacttmtetylin 1 . . 


1 0 

; o 

i o st 

1 Qarrcet»ti ¥ . , . . 


j — . 

* 0.20 


Borneo! 1 . . . , , 


i 0.40 

j 0.4 1 

; ft.o: 


1 K.ililb.anm preparation. 
5 Merck preparation. 


tion, but not after interaction with factors of the second type. 
In a comparison of the effects of several phenols and closely allied 
compounds it therefore seemed preferable to n«e dinzo method. 

The series was set up in tlm following way. 45 mg ,,f each 
substance was dissolved, when necessary with the aid of small 
amounts of ethyl alcohol to a final volume of 3 ml. Dilutions of 
1 : 10 and 1 : 50 were made. 1 ml of the thiamin solution con- 
taining 2 micromoles vitamin -1- 2 ml. 0.05 M phosphate buffer 
of pH 7.4 was mixed with 1 ml of one of the solutions containing 
the concentrated or diluted phenol. The volume was brought, 
to 10 ml by addition of distilled water. Without further incuba- 
tion 2 ml samples were diazotized. Usually about 4~~ 5 minutes 
elapsed before the addition of the diazo reagent. The results 
are given in Table 3. 
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Discnssion. 

In tlie analysis of the mode of action of the factor present 
in leaves and interfering with the determination of thiamin 
according to the method of Melnick and Field, two possibilities 
were first excluded. There was no competition between the factor 
and the vitamin for the reagent, nor did the former split the 
thiamin molecule into its two halves, pyrimidine and thiazole. 
The most probable explanation seemed to be that the factor, 
by virtue of its reducing property converted the vitamin into a 
reduced state. 

The reduction of the vitamin has previously been studied by 
Li r manx and Perlmann. These authors, after treating the sub- 
stance with sodium hyposulphite or with hydrogen and platinum 
black, considered that they obtained a reduced form of thiamin. 
However, they did not succeed in reoxidizing the vitamin to 
thiochromc with ferricyanide and alkali. They also stated that 
the biological activity was lost in their hydrogenated product. 

By estimation with the diazo and the thiochrome methods it 
has now been demonstrated that the reduction occurring on 
treatment with sodium hyposulphite is probably of a type other 
than that produced by the action of cysteine, vitamin C and the 
leaf factor. In the first case a product was obtained which could 
be determined quantitatively by the diazo method. In the three 
other cases products were obtained which could be determined 
only with the thiochrome method. Another important difference 
seemed to be that the product obtained after complete interaction 
of the leaf factor and thiamin was biologically active, in contrast 
to the result obtained by Lipmann and Perlmann with hypo- 
sulphite. 

Li r.M ann and Perlmann made several attempts to isolate 
their hydrogenated thiamin product. They met with great diffi- 
culties and did not succeed, probably owing to the inhomogeneity 
of their reduced material. Iso attempts have so far been made to 
isointe a possible reaction product of thiamin and the leaf factor. 

The investigation of a scries of phenols and allied compounds 
demonstrated that several of them, especially when they contained 
two or more phenol hydroxyl groups and had reducing properties, 
reacted at a smular concentration and in a manner similar to the 
lenf factor. Compounds containing onlv methoxvl groups or 
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quinones ■were inactive or only slightly active. These results also 
support the theory that the active factor in isolated material from 
aspen leaf is a phenol-like substance "which, by reducing thiamin, 
interferes with the Melnick and Field method for the deter- 
mination of the vitamin. In this connection it is interesting to 
mention the results of Tomarelli and Gvop.gi (1915), who found 
that phenol compounds such as vitamin E inhibited by their 
reducing properties the oxidation of carotene to a biologically 
inactive state. It may be that a hypothetical function of the leaf 
factor is associated with the reducing properties of the phenol-like 
compound. Finally, the results reported in this paper demonstrate 
the obvious advantage of the thiochrome method over the diazo 
method for the determination of thiamin when reducing substances 
are present. 


Summary. 

The highly purified material from aspen leaves contains a 
substance or substances with reducing properties and phenol-like 
character which seem to interfere with the chemical determination 
of thiamin by the reaction of Melnick and Field. The vitamin is 
apparently reduced to a state which is biologically active. Thiamin 
which has interacted with cysteine, vitamin C or the phenol- 
like leaf factor can be determined with the thiochrome method. 
Cysteine gives a faint blue fluorescence in the thiochrome test. 

The writer is indebted to the Astra Corporation for a grant 
in support of the present investigation. 
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In a previous publication (Sjostrand, 1944) the autofluores- 
ccnce of a number of organs was subjected to examination by 
means of an improved method of fluorescence microscopy. Now- 
adays, sources of light with great ultra-violet intensity per sur- 
face unit are at our disposal and, accordingly, suitable for fluores- 
cence microscopy. For this reason, attention was directed entirely 
to the elaboration of a more appropriate method of dealing with 
specimens in order to obtain, inter alia, a more distinct image by 
increased resolving power than hitherto achieved at fluorescence 
microscopy. This is a prerequisite for utilizing the fluorescence in 
order to obtain a careful cytologic localization of biologically 
significant substances with a characteristic fluorescence. 

The localization of the fluorescent substances normally present 
in the tissues was considered to he of primary interest. The prin- 
cipal aim was, therefore, to try to maintain as far as possible 

durimr preparation the true localization of these substances in the 
cells. 

The Ai.tmaxn freezing-drying method for fixation was found 
to be the most suitable fixation technique. The possibility of 
reducing the thickness of the sections down to 2-3 gave 
n- f . in the resolving power, facilitating a careful cvtoiogic 
■cut substances. The risks of a diffusion of 
.stance*, (with the exception of fat and lipoids) 


an tin: 

localization of fluorc-eent substances 
tin* fluore-c.-nt Mil, 
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and a change in their localization are diminished owing to the 
fact that the specimens do not have to become exposed to the 
influence of another medium than paraffin — which also could 
be avoided. 

The forementioned publication was mainly of a descriptive 
kind. In view of the lack of a more exact method of analysis, 
the chemical nature of the fluorescent substances has not been 
subjected to discussion. 

Continued investigations have been concentrated on the ela- 
boration of a fluorescence microspcctrographic method of analysis 
for identifying, in the first place, riboflavin and thiamin. 

In 1913, Lehmann drew attention to the possibilities of utilizing 
a fluorescence microspectroscopic analysis. In 1925, Bolicard 
made a few attempts to identify haematoporphyrin in tissue sec- 
tions by means of such a method. 

Borst and Konigsdorffer (1929) described an apparatus for 
fluorescence microspectroscopy, by means of which they localized 
porphyrin in tissue sections from a case of porphyria congenita. 
The same apparatus was used by Fikentscher (1931) for the 
localization of porphyrin in the skeleton at ochronosis and in 
porphyria in animals. 

The characteristic fluorescence spectra of the porphyrins ren- 
der them particularly suitable for such an analysis which was, 
moreover, facilitated by the large quantities of porphyrin oc- 
curring in the tissues under these pathological conditions. 

Other authors, such as Bommer (1929), have stated that (see 
page 427) continuous spectra without characteristic maxima are 
obtained at the fluorescence microspectroscopy of tissue sections 
and have therefore failed to utilize this method. 

Jansen (1942) worked out a visual microspectrophotometric 
method, using large slit widths on account of the insignificant light 
intensity. 

v. Euler, Hellstrom and Adler (1935) attempted to localize 
riboflavin by means of fluorescence microspectrography in the 
eyes of fish, basing their experiments on v. Euler's and Adler's 
discovery of great quantities of riboflavin in this organ. They 
employed a direct-vision hand spectroscope with a camera and 
directly compared spectrograms from the vitreous body, con- 
taining diffused riboflavin and from riboflavin solutions. In both 
cases, a fluorescence maximum was obtained at about 550 m/j,. 
However, the above-mentioned authors did not perform a more 
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detailed analysis by measuring tlie spectrograms. The spectro- 
grapby was facilitated in this particular case by the lack of auto- 
fluorescence in the vitreous body. 


Method. 


The fluorescence spectra of the organic substances used in this 
connection are band spectra, frequently with relatively broad bands. 
Under these circumstances, a more detailed analysis of the fluorescence 
spectrum, with a careful determination of the relative distribution of 
the intensity in the spectrums, and thereby, also of the position of the 
maxima, is a prerequisite with regard to a more exact identification of 
the fluorescent substances. 

On account of the insignificant intensity, the fluorescence spectrum 
has been registered photographically, in the course of which miniature 
spectrograms have been recorded by means of a miniature camera 
(Leica) on a 35 mm film (Agfa Isopan Ultra). 

In addition, spectra from an incandescent lamp (Osram, type Wi 34, 
40 Watt), serving as a standard of comparison-, have invariably been 
photographed on the same film in a series of different intensities, and, 
11 °f exposure identical with that employed in the taking of 
the fluorescence-spectrograms, in order to avoid having to consider the 
Schwarzschild-exponent. The intensity* was varied by* the use of a 
series of density filters with known extinction or by logarithmic step 


ensity curves have in this way been possible to construct at all the 
''we cngtns where measurements had been performed, and the dis- 
n ju ion o relative energy of the fluorescence spectrum, in relation to 
the mcandesccnt lamp, could thus be determined. 

rmerntnd c ^?. or temperature of the standardized incandescent lamp 
of cn 1 1 a r volta 6 c . IS 2900 0 K, its relative spectral distribution 
The on prtrv A' f C *i n W , 1 ^ 1 of tho Wien radiation law. 

calculated' in 18 i n + - Ut, °" ln * 10 fluorescence spectrum has then been re- 
Tho differet t ** 10n , n s P e °trum with an even energy distribution, 
means of a r,»e ’ Ct ro gf nrns hnve been subjected to photometrv by 

SumuAHN-) g Inicro pbotome tcr (constructed according to M. 

with the* ocu\nr” C r 0 » C ^ e * ,Con usc< ^ ' v * t h a spectroscope connected 

of 

has been B enudovod g ns a r «n» lrC Ti-T 7 '!? 1 ? 1 " Th ? rhilorft 5 P 500 
ultra-violet mar* s in the 1X0 lp ® n b* the violet and long-wave 
parts fSr XT""' T*™” 8 been used, the other 

(Schott A (Jen .Tena and « Vay a »eric* of UG filters 

fluorweence ju the mie°n J, - Cr * 8U ^ f’b° r - In order to avoid 

*■» w.-li as euphns pla-H filter r ; rUer , aK° n * Cn f ' r0f<IUartz WAs applied, 
in the Objective. ’ ,ntcr alm - sn fro ^ of the anterior lens 
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On account of the fact that a great number of biologically valuable 
substances are rapidly destroyed by the radiation, the apparatus has 
been constructed so as to permit the addition of a number of exposures 
from identical structural details in one and the same spectrogram. The 
total time of exposure has varied between 5 and 80 seconds, which 
shows the considerable light economy of the apparatus. 

The specimens have been submitted to freezing-drying fixation and 
embedded in paraffin. 

Also an apparatus for fluorescence microscopy and microspectro- 
graphy at low temperatures about — 180° C has been built. 



Fig. I. Frcxg’s eve, a fluorescence microphotograph. From the left to the right, 
ganglion cell layers, visual cells, pigment epithelium and choroid membrane. 
Magnification 350 X. 


Riboflavin. 

The observations made by v. Euler and collaborators, re- 
garding the occurrence of large quantities of free riboflavin in 
the pigment epithelium of certain fish and mammalian eyes, have 
formed the basis for a test of the usefulness of the fluorescence- 
microspectrographic method for the localization of riboflavin, 
from a histological as well as a cytological point of view. 

In the first place, frog’s eyes ( Sana temporaries) have been used, 
cut into sections of a thickness of 3—5 /.i. It is possible on these 
sections, to perform a careful and detailed fluorescence-microscopic 
examination by means of the forementioned method without anv 
staining or previous treatment whatsoever (3?ig. 1), 

When micro-drops of normal acetic acid are placed on the 
choroidea an intensive, yellow-green fluorescence is obtained 
from the drops. This reaction does not set in in the pigment epi- 
thelium, the bacillary layer, or the ganglion cells. 
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in normn/'n"'! - ^ 10 *? llorcJ ^ ence spectrum of a riboflavin solution 

"JZ Tn Z c? ftC i anc \ 0f thc y e ^°' v *grccn fluorescent sub- 
■ nun tbe choroid membrane at the forementionecl drop renc- 

justify the conclu Z that 

J, riI>ofInvin S " bptance in thc choroid membrane 

Thin conformity prevails also with regard to the t 
of th- fluorescence, and the reversible v C P end< l"f 

!<>- of the fitioresc.-nee, etc. "tj " ,th reversible 
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Fig. 3. Tho sciatic nerve of a rabbit, a fluorescence microphotograph. Strong 

bluish-white fluorescence from the myelin sheaths. Magnification 000 X . 

The investigations with macrochemical methods, which have 
revealed conspicuously great quantities of riboflavin in the eyes 
of different animal species, further confirm this conclusion. 

The position of the maximum of the fluorescence band at 520 
n\fi is not in agreement with earlier data which, however, also 
vary. As a rule, it is stated to lie at 560 — 565 m/t (Karrer et al., 
1934, Bierry and Gouzon, 1935) but Eymers and van Schou- 
wenburg, 1937 have localized the maximum to 545 m/n. Since 
the earlier determinations have not been made at the same p H 
as in this particular case, the differences are probably due to a 
deviation of the maximum in relation to the p It . Such a deviation 
of the maximum has been ascertained with regard to lumichrome 
which, in acid solution, has a maximum of 462 m/i and, in alka- 
line solution, of 547 m [i (Karrer et ah). An admixture of lumi- 
chrome, which might be formed during the exposure, would also 
serve to explain the deviation of the maximum towards a shorter 
wave-length. 

The quantity of riboflavin may vary from one frog.to the other. 
When abundant, fluorescence microscopy may reveal yellow- 
orange, fluorescent granules of riboflavin in the choroid membrane. 
At about — 180° C these granules assume a red fluorescence. 
This is in agreement with Dh:6re and Castelli’s (1938) observa- 
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Fit;. 4. Photometric curves of the fluorcscenco microspectrogram of a thiamin 
solution, denoted by circles, of the myelin sheaths in the sciatic nerve of a rabbit, 
denoted by squares, and of thioehromc, denoted by triangles. Tho spectrograms are 
mutually comparable, having been registered under identical conditions on the 
same film. See further the text. 

tions on riboflavin crystals. Examinations of the fluorescent 
spectrum of these granules at — 180° C are, at present, being 
carried on at the institute. 

Thus, the localization of riboflavin in this case is not in the 
pigment epithelium but in the choroid membrane. 

Furthermore, according to preliminary experiments, linked 
riboflavin seems to be localized, inter alia, to the basal rod struc- 
ture? in the proximal convoluted tubule of the renal tubuli, i. c. 
localized to a definite cellular structure. 

Tblnmln. 

In the earlier work in fluorescence microscopy, the author 
d< scribed an intensive, bluish-white fluorescence localized to the 
myelin shratlw (Fie. 15). 

At fluorescence inicrospectrogrnphy of the sciatic nerve of rab- 
bit similar spectrograms were obtained from the myelin sheaths 





LOCALIZATION OF RIBOFLAVIN. 


49 


and from a thiamin solution. Photometric curves of the spectro- 
grams are reproduced in Pig. 4. In the same diagram, also the 
corresponding curve of thioehrome is described. These photo- 
metric curves do not, as a matter of course, offer any definite 
information regarding the localization of the fluorescence maxima. 
However, a comparison between them is justified owing to the 
fact that all the spectrograms have been registered on the same 
film under identical circumstances. 

A hand with a maximum at about 660 mu can be noted in all 
the spectrograms. This is in good conformity with Kuhn’s and 
Vetter’s (1935) determination of the localization of the fluores- 
cence band with regard to thioehrome. This common maximum 
has been attributed to the thioehrome. In addition, a certain 
fluorescence intensity at lower wave-lengths is to be found above 
all in spectra from myelin sheaths and thiamin solutions. Since 
thiamin is stated to lack fluorescence, this capacity can no doubt 
be attributed to other fluorescent components formed by the 
thiamin. Such components have been determined by Kinnerst/ey, 
O’Brien and Peters (1935), among others. 

The bluish-white fluorescence from the myelin sheaths is re- 
latively weak immediately after the fixation, but increases when 
the sections have been left for a certain time and, particularly, 
when kept in heat (60 — 70° C). This indicates a spontaneous 
oxidation of thiamin to thioehrome, which is also known to take 
place with regard to pure thiamin preparations. 

Thus, thiamin can, for the greater part, be localized to the 
myelin sheaths in the peripheral nerves. 

v. Mur alt (1934) attempted to localize thiamin in the periph- 
eral nerve fibres by the thioehrome reaction. At the oxidation of 
frozen sections with 1 per cent of kaliumferricyanide in an alkalic 
solution (n/10 Na OH), an intensive blue fluorescence was ob- 
tained, which was assumed to derive from thioehrome, judging 
from a series of indirect indications supporting this theory. Thia- 
min should, according to these examinations, be localized to 
myelin sheaths. However, the method adopted did not exclude 
the possibility of a changed position owing to diffusion. A similar 
objection cannot be raised with regard to the analysis dealt with 
here. 

At an examination of the co-carboxylas-effect in the myelin 
sheath and in the axis-cylinder substance, respectively isolated 
from squid nerves, Nachmansohn and Steinbach (1942) noted 

4 — $ 62524 . Acfo phvs. Seandinav. Vol. 12. 
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many times greater activity in the myelin sheaths than in the 
axis-cylinders. 

Discussion. 


There is justification to assume that also fluorescent substances 
other than porphyrins, which are conspicuous thanks to their 
particularly characteristic fluorescence spectra, are ascertainable 
and possible to localize by careful cytologic analysis with the aid 
of fluorescence microspectrography. The analysis of fluorescence 
spectra is a direct method of identification. The great sensitivity 
of the fluorescence reaction renders it especially suitable for cyto- 
logic analysis. The fluorescence microspectrographic method is 
undoubtedly not, as regards substances with pronounced fluores- 
cence, to be outdone by any other known method of direct analy- 
sis suitable for tissue sections. 

The fluorescence microspectrographic method must be em- 
ployed with great accuracy and discernment. "When a physical 
or chemical method is to be utilized for cytologic analysis, the 
registration cannot be calculated with the same degree of exact- 
ness as in the use of a macro-scale. Therefore, knowledge should 
have been, or be obtained, by preparative chemical examinations, 
of the presence in a certain tissue of the substance which is to be 
localized. Other substances with properties of a confusing simi- 
larity at a concentration such as to cause mistakes should, con- 
sequently, be eliminated. 


As regards fluorescence analysis, an examination of the fluo- 
rescence under different conditions will further serve to ensure 
favourable results. Thus, in the case of riboflavin, the p„-de- 
pendence of the fluorescence may, for instance, be analyzed and 
t ie reversible extinction of the fluorescence by reduction may be 
determined. 

The demonstrated localization of riboflavin in the choroid 
membrane of the frogs eve repudiates the assumption that it 
increases the sensitivity of the eye to short-wave light, which 
causes riboflavin fluorescence in the eye, as maintained by v. 
U i .mi nrnl hi? collaborators. The riboflavin is screened off from 
,'he ' c °ds bythe (luck pigment layer in the pigment epithe- 
lium. I he po-sjbility of small concentrations of free riboflavin in 
the pigment epithelium and, j. crimps, in the visual cells where 
they would function m this way. cannot on the other hand be 
excluded, though it bus not so far been adequately proved 
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The localization of riboflavin and thiamin in the tissues and 
cells offers indirect support for the distribution of the various 
ferments of which they form a part, and, accordingly, of the part 
played by the various cell structures with regard to cellular me- 
tabolism. 


Summary. 

1. A method of fluorescence microspectrography has been 
elaborated for the localization of fluorescent substances normally 
occurring in the tissue cells. 

The method has primarily been utilized for cytologic localiza- 
tion of riboflavin and thiamin. An earlier improved method of 
fluorescence microscopy (Sjostrand 1944) has been employed 
in this connection. 

2. Piiboflavin occurs in frogs’ eyes localized to the choroid 
membrane. 

3. Thiamin is localized to the myelin sheaths in the peripheral 
nerves. 

To Professor Torbjorn Caspersson T am greatly indepted for 
hind interest and valuable advice. The work has been supported 
by the Therese and Johan Andersson Memorial Foundation, the 
Cancer Society and by the special Fund of the Medical Nobel 
prize-section. 
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Since Baljet in 1918 shoved that a red-orange colour is de- 
veloped vlien active cardiac glycosides are mixed with an alka- 
line picrate solution, the reaction has been extensively used for 
their quantitative estimation. Knudson and Dresbach (1922) 
compared the colour of the unknown solution with a strophantin 
standard in a colorimeter. Later, Lendle and Schmelzer (1935), 
Hagemeier (1939) and Neumann (1936) showed that the colour 
intensity was roughly proportional to the number of molecules 
containing the unsaturated lactonegroup. 

Recently, Bell and Krantz (1945) have modified the Knudson- 
Dresbach method by the use of an electrophotometer. They found 
a good agreement between their method and the USB cat meth- 
od. However, as already shown by Baljet, the reaction is given 
also by aglycones and genins. Owing to this fact, it seemed to us 
improbable that ageing digitalis solutions or digitalis more or less, 
roughly treated during extraction would show such a close pa- 
rallelism between the colorimetric and the biological assay. In 
order to investigate the problem, the method was applied to the 
assay of some mostly old infusions and pills of digitalis purpurea . 

Method. The preparations 'were made according to the method of 
Bell and Krantz. The extinction was measured in 2 cm absorption 
cells in a stepphotometer with filter S 50. A standard curve was pre- 
pared with a national digitalis standard preparation extracted with al- 
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coliol. The volumes of the solutions to be tested were cbosen so that 
the extinction ranged between 0.5 and 1. The alcohol concentration in 
the absorption cell was always kept low and never exeeded 4 per cent. 
— The biological assay was made on guinea pigs according to the 
method of Knaffl-Lextz. The mean error was always kept below 6.5 
per cent of the lethal dose. All values in the table are expressed as 
potcncv in percentage of the international digitalis standard powder 
of 1936. 

Results. The value obtained from the different digitalis purpu- 
rea preparations are summarized in the table. The values from 
the colorimetric and biological assays of the fresh solutions agree 
tolerably well. As was expected, the results obtained with the 
ageing preparations by the colorimetric method did not show the 
same decrease as the values of the biological assay (Nos. 1, 2, 4, 
7, 9). Warming in the thermostat soon caused the infusion to 
deteriorate, as found in animal experiments, whereas the colori- 
metric value was unchanged or somewhat increased (G, 11). The 
same results were obtained with an infusion of the leaves of diiji- 
tab* hn-.ata. The reason of the increase is unknown. It may, how- 
ever, be mentioned that digitonin, whilst not producing the colour 
reaction, increases the effect of the glycosides (Bieiiler and Hist 
(1924)). 

AVe also found small differences between the colorimetric values 
of the national standard preparations at different times. They 
were not large enough, however, to affect the conclusions that 
could be drawn from the material. 


Discussion. 

During the preparation of this work, Vos and Welsh (1915) 
published a report on the Bell and Krantz method with results 
quite in accordance with ours. It therefore seems that the colo- 
rimetiie method, even though perfected with the use of an elcctro- 
photometcr provided with a suitable filter, will give no reliable 
value for the biological effect of the preparation. 


Summary. 


Th 

•lor 


<• Bell and Kkaxz modification of the Kmuhon-Dresbach 
inn-trir sv-«:iy for digitalis was investigated, with the use of 



CHEMICAL EVALUATION OP DIGITALIS. 


55 


solutions diminishing in strength. The colorimetric method gave 
no adequate conception of this deterioration. 


Table 

giving values for digitalis purpurea preparations. 

Potency in percentage of 
international standard 
Chemical Bionssay 
assay (gnineapiga) 


1) Infusion (1 : 100) one year old 98 37 

2) Digifolin, liq. prep. 5 years old 32 15 

3) Digisolvin fortior, fresh solution 65 85 

4) Infusion (l*: 150), prepared 1943 90 ' 53 

5) Infusion (1 : 150), freshly prepared from 

the same drug as No 4 • 118 85 

6) No 5 after 22 days at 50° C 126 48 

7) Pills, prepared 1942, extracted with alcohol 

from the same drug as No 4 102 64 

8) Alcohol extract, freshly prepared (from the 

same drug as No 4) 95 100 

9) Infusion (I : 100) one year old 87 39 

10) Infusion (1 : 100) freshly prepared 98 92 

11) No 10 after 23 days at 37—50° G 133 58 
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As is well known, William Harvey was the first to observe 
flint an internal organ such ns the heart does not possess a sen- 
sibility of the same kind as the skin, i. c. he discovered that light 
mechanical stimuli applied to the heart of a conscious man were 
not recognized by the patient. He therefore stated that the heart 
vas without the sense of touch. Surgeons from Lennander in 
1901 to our time maintain that the bowel is completely insensi- 
tive to mechanical stimuli of any strength provided that the 
mesentery is not involved. (For full references see “Pain” (1913) 
and Lewis (1911). 

bsing the reflex contraction of the abdominal wall of the cat 
as a sign of the activity of the nociceptive afferent fibers, Lewis 
am vLLi.MiKN (1939) found that these reflexes could be elicited 
>> pint ling structures lying in the mesentery of the duodennl 
<»np. as for example the pancreas, but that no such reflexes 
eon i K p,o\oked from the bowel itself by injury, by distension 
or >v earning contraction, although it. was observed that these 
1>!? U ^ “ n ' C ° f b,00tl l ,rcss,irc the decapitated cat, 

!f a , Wf mA °- vo5f W, however, arrived 

i f V1, ' V - r ! e - v n, * ,ntain that pinching the intestine 

sLr f T' r. ■ f thp niCf,c ' nU ‘ r y elicits a distinct 

tt; r: r <lom : n ° f «« «*• «»«- 

-own,,! that the mesenWu: part of the intestine, where the 
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vessels and the nerves enter the bowel, is more sensitive to no- 
ciceptive stimuli than the opposite part. A similar view has also 
been advanced by Moore (1938). 

Tower (1933) reported that fast action potentials could be 
recorded from, the posterior roots of the frog only when tension 
was applied to the mesenteric root while slow impulses could be 
produced by injurious stimulation of almost any abdominal 
structures. She also observed that strong stimuli gave rise to 
large but very slow potential waves. 

In the cat as well as in man Pacinian corpuscles are abundant 
along the mesenteric nerves running to the duodenal loop of the 
intestine and along the nerves entering the parietal peritoneum. 
Many investigators, e. q. Ramstrom (1906), Sheehan (1933), 
Gammon and Bronk (1935), have discussed the physiological 
meaning of this distribution of Pacinian corpuscles without 
reaching any definite result. 

As the cat’s mesentery offers very good opportunities of isolating 
very slender nerve strands suitable for a detailed analysis* of the 
slowly conducted axone potentials, we considered it worth while 
to make them the object of a closer study. 


Technique and Procedure 

All experiments have been performed on cats under chloralose 
anesthesia (O.o 5—0.0 7 g per kg body-weight). The splanchnic nerve 
preparations were made in a manner previously described bv Ger- 
nandt, Liljestrand and Zotterman (1946). The mesenteric nerves 
were approached at the root of the mesentery and the nerves were 
dissected distally as they run along the blood vessels towards the 
intestine. The dissections were made with the aid of a binocular lens 
( X 3). The cats were given milk some hours before the operation in 
order to make the lacteal vessels easily recognizable. These vessels 
are otherwise hard to discriminate from the nerves. It was found very 
useful to put a black paper moistened with Ringer under the mesentery, 
as the white nerve strands with the Pacinian corpuscles as well as the 
lacteals thus stand out very distinctly. In most preparations the nerve 
was dissected out for 2 to 3 cm from the mesenteric root. The nerves 
give off fibers to the Pacinian corpuscles, the majority of which lie 
alongside the blood vessels, although a few isolated corpuscles can also 
be seen in the mesentery between the larger vessels. In some prepara- 
tions the nerve was dissected out as far as its entrance into the intestinal 
wall. In these cases all branches to the Pacinian corpuscles were cut 
and the remaining intact afferent fibers of the preparation thus derived 
from the intestinal wall only. The intestinal loop was covered with 



58 


B. OERNANDT AND Y. ZOTTEKMAN. 


WWW vAAAAAAAAAAAAAAAA 


A r." 




WWWWWWWVWWW 


'»*’«**• * * • ^ i ’ V ' 

lig. !• Cat ~.G kg. Spontaneous fast spike. potentials from the peripheral end of 
a small branch of the splanchnic nerve: A, Control, BP, 110 mm Hg. B, Afterintra- 
venous injection of G /<g ndrenaline, BP, ISO mm Hg. 


cotton wool soaked in body warm Ringer and the whole animal was 

kept in a shielded moist chamber at an average temperature of 31° C. 

len working upon such thin nerves as in these cases one has to be 

thPrbT* r j t0 n ' °, K , c ^.''* n P °f the nerve. Drying affects particularly 

this me S / ru’ "-l"] 0 t , ic ^ ar S csfc fibers seem to be more resistant in 

t e bZ n ThUS lt . look , s n . s thou S h thc thick myelin sheath protects 

It* Zi n S -? gnin dTy \ np - This differc nce between the large and 

the fiSr X ln bcrs ma A a S0 P dcpcnd upon t1ie fact that the smaller 
the fiber, the larger is thc surface-to-volume ratio. 

pncitv-SSSS °/ tl 'f ” ctlon Potentials was made by means of a ca- 

Cnnh nrevimi U n i")? 1 ,er and n double ray cathode oscilio- 
pr.ijm ]>rc\ loush described (Zottermax 1936 ), 


Jiesuits. 

Tbo nfToront Inflow in the nplnnchnic norvo. 

When recording from thc rplnnchmc nerve there i, gcnemllv „ 
ether r,c,,„c„, number ,f Wgo efferent S pfe p'tenfh”, Sch 
reein to How nut portly con , „ n<1 

M-nrhronon.h- the nrteriel p„l„. (L T ' ' - 

W “* w "* >' frmi ' » f '■*« A fiber,. When hioed premie 
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is raised, e. g. by adrenaline injections, the volleys of spikes 
occurring at each pulse-beat may be very largely increased. 

These impulses seem to originate from the Pacinian corpuscles 
situated between the two blades of the mesentery. These organs 
could be excited by such mechanical stimuli as pulling the intes- 
tinal loop and brushing the mesentery. Even a very faint puff of 
air over the mesentery was sufficient to elicit a rapid volley of 
impulses. The origin of these impulses was ascertained by re- 
cording from mesenteric nerve preparations. These very slender 
nerves offer much better facilities for a closer analysis of the ac- 
tivity of the different kinds of nerve fibers. Prom such prepara- 
tions it was found that large spike potentials were elicited by 
applying mechanical stimuli close to the course of the nerve in 
the mesentery, i. e. wherever Pacinian corpuscles were found. 
Brushing very lightly with a very soft pencil over these corpuscles 
gave an exceedingly massive response of large spike potentials. 
Even a very gentle puff of air over the mesentery elicited a very 
frequent volley of these impulses (fig. 2 A). 

"When these light mechanical stimuli were applied to the in- 
testinal loop, however, it was found that they very often did not 
elicit any large spike potentials, provided that, the stimuli were 
restricted to the intestinal loop, i. e. when stretching or move- 
ments of the .mesentery were strictly avoided. In some nerve 
preparations, however, we could elicit large spike potentials by 
mechanical stimulation of the intestinal wall. In such a case the 
response obviously originated from a single fiber, the seat of which 
could be easily localized in the intestine (fig. 3 B). Outside such 
very well localized spots no large spike potentials could be elicited 
by light or strong mechanical stimuli, provided that their action 
was locally restricted. 

Strong stimuli, such as pinching or squeezing the intestinal 
wall were, however, not without effect. On the contrary, such 
stimuli set up an abundance of slow spike potentials (fig. 2 and 3). 
These low spikes are apparently very slowly conducted and they 
must arise from quite thin fibers, most likely belonging to the 
slowest part of the 5-group and very likely also from fibers be- 
longing to the C-class. As these small potentials occurred in groups 
and thus interfered rather much with each other it was very 
difficult to measure their frequency. A very localized pressure 
(fig. 3 B). however, elicited a flow of these small potentials, the 
frequency of which was estimated at about 600 per second, whereas 
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Fig. 3. Cat 2.7 kg. Action potentials from the peripheral end of a mesenteric nerve: 
A, Control. B, Pressing upon a very localized spot in the intestinal wall. C, After 
a few «g acetylcholine solution on the intestinal loop, which caused a very strong 
spastic contraction. D, Pinching the intestinal wall just beside the spot mentioned 

in B. 

pinching 10 mm caudally from the site of the large fiber gave a 
very massive response of low potentials deriving entirely from 
thin fibers (fig. 3 D). A drop of a 1 : 1000 acetylcholine solution 
upon the intestinal wall, just over the large fiber region, caused 
a very strong spastic contraction which produced a very definite 
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Fig. 4 . Ccit 2.2 kg. Very Blender mesenteric nervo preparation. Peripheral part 
severed. Action potentials from offerent fibers: A, Control. B, Nerve lignted centrally 

to tho leads. 


response in the nerve (fig. 3 C). As will be seen from this record, 
there is a very distinct outflow of large numbers of very small 
potentials, and also a very moderate frequency of the large spikes. 
The ratio between the frequencies of the two groups in this case 
was estimated as about 20:1. 


Tho efferent outflow in tho mesenteric norvos. 

Records taken from a mesenteric nerve with the lends upon the 
contra end, the peripheral end being severed, showed that there 
was a stead} outflow of ccntrifugally conducted impulses. Fig. 4 
Shows these action potentials recorded from a very thin nerve 
fascicle, about 0.0.1 mm in diameter, with the lends 2 mm apart. 
Shftpc of tllc f e potentials is rather irregular and their lunpli- 

j; VP' n moHt like, - v because of interference between 

m m} fibers. Kf brent fibers to the region in question are supplied 

Th" fw,°, f °" ICCS: ^ fr T the vafJUS - h) from sympathetic. 
; h , f nre preganglionic non-myelinatcd fibers' the latter 
postganglionic non-myelinatcd fibers of vorv , m# n • ! U 

they would cease When the vagi ip the neck were severed This, 
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Pig. 5. Cat 2.3 kg. Action potentials from an i n t a c t mesenteric nerve: A, Control, 
spontaneous discharge. B, After severing both vagi in the neck. C, Nerve ligated 
below the leads. D, Nerve ligated above the leads. 


however, was not the case as seen in fig. 5 B. Severing both vagi 
did not reduce the potentials to any noticeable degree (fig. 5 
A and B). Thus, we conclude that these potentials are due to an 
activity of sympathetic postganglionic fibers. 

This activity can sometimes be very strong for instance when. 
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Pig. 7. Cat 2.3 kg. Action potentials from an i n t a c t mesenteric nerve: A, ShoWB 
the beginning of a massive volley of fast spike potentials elicited by a puff of air 
over the mesentery and B, the end of the volley. Note that there is no change in the 
spontaneous C-fiber activity. 

waves ceased entirely upon ligation of the nerve above the leads, 
which indicates that the waves were built up by efferent fiber 
activity. The remaining potentials can thus be looked upon as 
afferent, and were in this case derived from very small fibers only; 
there were no Pacinian corpuscles seen along the course of this 
nerve. As will be seen from fig. 6 C, pressing hard or pinching the 
intestinal wall gave rise to a considerable increase in these small 
afferent potentials, which seem to derive from small 5- and C- 
fibers. 

The very intense efferent sympathetic activity in the record 
of fig. 6 A was no doubt reflexly set up by an afferent inflow of 
slow impulses grouped in waves as is seen from the record of fig. 
6 B. 

These nociceptive impulses conducted in thin fibers are no doubt 
responsible for the standstill of the intestinal movements observed 
under these conditions. When leads are placed on the intact nerve 
the records will show the afferent as well the efferent activity 
simultaneously, as in fig. 6 A. But it is very difficult to distinguish 
these activities from each other from the shape of the action po- 
tentials, as they are both conducted in very thin fibers. It is thus 

5 — $62524. Acta phys. Scandinav. Vol. 12. 
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impossible to tell to .what degree the increased activity in response 
to pinching is built up by reflexly elicited efferent impulses. It 
was only the effect of the large afferent fibers upon the efferent 
outflow which could be tested in this way. When air was blown 
upon the receptive field of the nerve there followed a very massive 
inflow of large spikes. It was remarkable, however, that such strong 
volleys of impulses in large afferent fibers did not provoke any 
volley of efferent impulses. This is clearly seen from fig. 7, where 
the spontaneous small fiber activity is the same after as before 
the strong volley of large spikes. 


Discussion. 

From our records it is thus obvious that the -walls of the small 
intestine of the cat are supplied by an abundant mass of fine 
afferent fibers belonging to the d-group- and most likely also to 
the C-class. In addition, there are a few larger fibers of the 15- 
group. These large fibers in the intestinal wall are very scarce, 
and large spike potentials are only elicited from a very few loca- 
lized zones of the intestine. When pressure is exerted the large 
fiber of the intestine responds very promtly to fairly light touch, 
and the endings of these large fibers in the intestinal walls have 
apparently a much lower threshold to mechanical stimulation 
than the endings of the small fibers, which respond only to more 
prolonged or stronger mechanical Btimuli. 

Most excitable to mechanical stimuli are the Pacinian corpuscles 
situated along the nerve strands running from the root of the 
mesentery out to the bowel. They are easily excited by a very 
gentle, puff of air, of a strength much less than that necessary to 
elicit a large fiber response from the intestinal wall, where a 
visible deformation of the surface was required. 

The thin fiber response to pinching etc. had very much the same 
time course, with a rather long remaining after-discharge, ns was 
recorded from cutaneous nerves when using such stimuli (Zotter- 
kan 1939). The difference between the potential records obtnined 
from mechanical stimulation of the intestinal wall and similar 
stimulation of the skin is thus thnt the former gives exceedingly 
few, if any, large spikes, whilst the latter gives rise to a great 
number of large and medium sized spikes. The smnll fiber response 
to stronger mechanical stimuli is common to both. 
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Before we proceed further in the analysis of the records de- 
scribed above, we must consider whether all the axone potentials 
recorded were afferent. As far as the large spikes arc concerned 
it is unquestionable that they derive from true afferent fibers. 

It is open to question, however, whether all the very low action 
potentials elicited by such stronger stimuli as pincing the intes- 
tinal wall are to be looked upon as afferent in origin. Strong 
mechanical stimuli might be able to stimulate even efferent fibers 
in the tissues concerned, which in this case would mean pregang- 
lionic vagal , fibers and postganglionic sympathetic fibers. The 
efferent fibers are, however, all non-myelin ated, even the vagal 
fibers as they loose their myelin sheath below the diaphragm. 
Thus, we cannot exclude the possibility that some of the slowest 
potentials seen when pinching the bowel may be of efferent origin, 
but all true ^-potentials must be afferent. W e know further, from a 
recent investigation by Sjostrand and von Euler (1946) that 
pinching the intestine without any stretching of the mesentery 
produces Teflex contraction of the abdominal muscles as well as 
a rise in blood pressure, observations which we were able to 
confirm. Thus there cannot be any doubt that the intestinal wall 
is supplied by afferent fibers and that the action potentials fol- 
lowing upon pinching the intestinal wall are derived in large 
part, if not entirely, from true afferent fibers. 

When strong nociceptive stimuli are applied to the intestinal 
wall the small potentials often group together building up large 
waves, as is seen in fig. 2 C and D. Similar large waves from the 
spinal root of the frog were recorded by Tower (1933), when the 
abdominal viscera were stimulated and were tentatively inter- 
preted by her as synchronized discharges in efferent sympathetic 
fibers. As we have recorded from nerves distally from the ab- 
dominal ganglia, it seems to us more plausible to interpret the 
waves in this particular case as being built up by potentials from 
small afferent fibers, although we cannot completely exclude the 
possibility that they may to some extent contain antidromic 
efferent elements also. Such waves were furthermore recorded 
from cutaneous nerves of the cat by Zotterman (1939), and were 
interpreted as built up by slow impulses from the small C-class 
fibers. 

Pacinian corpuscles are found in large numbers in the mesen- 
eric root of the cat and along the mesenteric nerves in the upper 
part of the small intestine. In man these corpuscles are also found 
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in the same regions and also in the parietal peritoneum along the 
branches from the somatic nerves which supply the anterior 
part of the peritoneum according to Ramstrom (1906). 

Pacinian corpuscles are generally believed to serve as organs 
for pressure reception. Their oval onion-shaped form suggests a 
function as pressure receptors, and their localization at the joints 
and along the tendons and more generally in the deeper part of 
the skin may also be adduced in support of this view. Previous 
electrophysiological investigations (Adrian and Zotterman 1926, 
Gammon and Bronk 1935), as well as our recent experience, have 
shown that these corpuscles no doubt constitute mechanisms in 
which mechanical pressure is transformed into afferent nerve im- 
pulses. The spontaneous outflow of impulses in large afferent 
fibers in the splanchnic nerve of the cat derive no doubt from the 
Pacinian corpuscles, which must be put into action by the slightest 
intestinal movements as well as by vibration of the body. We thus 
know that there is a continuous inflow of impulses of varying 
frequency in large afferent fibers of the splanchnic nerves, which 
are conducted up to the brain most likely in the posterior columns 
of the spinal cord. It is quite certain that they do not run in the 
spino-thalamic tract. What, then, is their physiological significance? 
As far as we can see, the stimulation of these fibers does not elicit 
any viscero-enteric reflex, nor does it produce any other notice- 
able reaction of the animal. The Pacinian corpuscles are thus 
organs which signal mechanical changes, but they have definitely 
nothing to do with either nociceptive reactions or with temperature 
perception, as has been tentatively suggested by some authors. 
Although we were not able to observe, any reactions of the cat 
to strong stimulation of these Pacinian corpuscles alone, the in- 
flow of these volleys of frequent impulses must of course exert a 
definite action somewhere in the central nervous system. 

It is generally agreed that pulling the bowel and thus stretching 
the mesenteric root is accompanied with very definite abdominal 
pain in man. In the cat such a stimulus produces very strong 
reflex contraction of the abdominal muscles, as well as a rise in 
the blood pressure. "When records are taken from the splanchnic 
nerve it is found that this stimulus produces a very massive in- 
flow of large spikes, which we conceive as deriving from the Paci- 
nian corpuscles. We are, however, convinced that it is not the 
activity of these particular afferent fibers, which produces the 
nociceptive reactions of the animal. These reactions are no doubt 
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elicited by 8- and C-fibers. the electric activity of which can he 
traced in the records, although it is almost completely masked by 
the large spikes from the Pacinian nerve fibeTS. 

We know* from our experiments upon the mesenteric nerves that 
all the large fibers are connected to Pacinian corpuscles. It there- 
fore seems very plausible to us that the large fibers of the splanch- 
nic nerve derive from Pacinian corpuscles or similar capsular 
endings. The splanchnic nerve of the cat contains a good many 
large efferent fibers of fairly uniform size — their diameters 
varying from. 6 to 10 (i (fig. 8). All the other myelinated fibers 
are much thinner, 2 to 3 p, in diameter. Besides these, there are 
very numerous non-myelinated fibers. The total number of large 
myelinated fibers is usually around 300, while the number of 
small myelinated fibers exceeds 10,000. We do not know’ bow 
many of these small fibers of d-size are afferent, but they may 
well amount to about half of the total number. 

How we have stated that no fast action potentials could be 
elicited from small mesenteric nerves wbicb do not display any 
Pacinian corpuscles along their peripheral course. Pinching the 
bowel or the mesentery in such cases gave rise to slow action 
potentials from 8- and C-fibers only. Thus, w’e conclude that the 
fast impulses recorded from these nerves derive only from Pa- 
cinian corpuscles. As has been stated above, these corpuscles can 
not be considered as end-organs of nerve fibers which when in- 
tensively stimulated could give rise to nociceptive reaction. 

Thus we must conclude that the intestine lacks the system of 
rapid afferent nerve fibers of the skin, but contains afferent fibers 
of the (5-group conducting up to 20 m/sec. and very slow afferent 
C-fibers, conducting 0. 5 to 2 m/sec. Light touching of the intestine 
does not produce any afferent inflow’ of impulses provided that 
the Pacinian corpuscles of the mesentery are not stimulated. 
Injurious stimuli, however, produce an activity of 8- and C-fibers. 
The response of a mesenteric nerve to injurious stimulation of the 
intestine is thus very similar to the potential record obtained from 
a cutaneous nerve when applying radiant heat, which does not 
produce any mechanical stimulation. 

Our experiments upon the mesenteric nerves of the cat thus 
greatly strengthen the view previously advanced by one of us 
(Zotterman 1936, 1939) that nociceptive reactions are not pro- 
duced by the more rapidly conducting afferent fibers belonging 
to the a- or ,3-group (>40 m/ sec). The fast conducting system 



Fig. 8. The upper microphoto shows a transection from tho cat’s splanchnic nerve, 
Alshcimcr Mann stain modified by B. Rexcd, X 180. Lower picture tracing from 
the upper microphoto, x 1000. 
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of pain fibers ("the first pain”) is in our opinion an affair of 
^-fibers while "the second pain” is propagated by C-fibers (Zot- 
terman 1933, Clark, Hughes and Gasser 1935, Lewis and 
Pochin 1938). 


Summary. 

Afferent impulses from the abdominal viscera have been re- 
corded from the splanchnic nerve and from fine strands of mesen- 
teric nerves of the cat. The Pacinian corpuscles of the exposed 
mesentery were found to be extremely sensitive to the most gentle 
pressure, such as faint puff of air. 

The small intestine very rarely receives any large medullated 
fibres, and light mechanical stimuli such as slight pressure or 
touch do not give rise to any inflow of impulses. Past impulses 
can be elicited only from those parts of the mesentery possessing 
Pacinian corpuscles. 

Injurious stimuli such as pinching applied to the intestinal 
wall as well as to the mesentery produce <5- and C-potentials. 
In addition to this, intense stimulation gives rise to large poten- 
tials waves apparently built up by slow' C-potentials. 

It is thus concluded that nociceptive reactions from the in- 
testine are not produced by afferent fibers belonging to the 
a- or /5-group but by <5- and C-fibers only. 

Support is given for the view that the intestinal Avail is supplied 
by afferent fibers able to produce nociceptive reactions in response 
to such mechanical stimuli which if applied to the skin, would 
elicit nociceptive reflexes. The sensibility of the intestine itself 
is thus to be looked upon as very much the same as that of the 
skin deprived of its fast-conducting afferent fibers, Avhich respond 
to vibratory and light mechanical stimuli as \\'ell as to stronger 
pressure. 


We are indebted to Hr B. Hexed for his kindness in placing 
microphotos of the cat’s Splanchnic nerve at our disposal. 

The costs of this research have been defrayed by grants from 
Stiftelsen Therese oeh Johan Anderssons Minne. 
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The pioneer work of Loewi and Cannon and their associates 
on the mechanism of sympathetic — or rather adrenergic — nerve 
action has revealed that stimulation of such nerves is accompanied 
by the liberation of some active principle with sympathomimetic 
properties. It was primarily assumed that this neurohormonal 
agent was identical with adrenaline (Cannon and Bacq, 1931) 
hut this view seemed to need further consideration, however, in 
the light of the findings of Cannon and Rosenblueth (1933, 
1935) that stimulation of sympathetic nerves elicited remote 
actions which did not wholly conform with those of adrenaline. 
In order to reconcile the seemingly conflicting evidence, Cannon 
and Rosenblueth (1933, 1937) elaborated a hypothesis involving 
the primary liberation from the adrenergic nerve-endings of a 
mediator substance which should then combine with some con- 
stituent within the reacting cells under formation of the final 
active substances, which, on account of their supposed 'actions, 
were termed 'sympathin E (excitatory) and I (inhibitory). The 
assumption of these authors that the primary mediator should 
be identical with adrenaline seemed to be supported by the later 
work of Cannon and Lissak: (1939) and Lissak (1939), who 
claimed that extracts of various organs and nerves contained a 
sympathomimetic substance, which conformed in its actions to 
adrenaline and therefore was different from the sympathins. As 
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■will be shown, below certain doubts as to tbe interpretation of 
their experimental findings can be advanced. Gaddum and 
Khayyal (1935) showed that stimulation of nerves containing 
adrenergic fibres liberated a substance which resembled adrenaline 
in its action on the frog’s heart. On stimulation of the postganglio- 
nic sympathetic nerves to the perfused rabbit’s ear Gaddum 
and Kwiatkowski (1938) found a vasoconstrictor substance in 
the perfusate which gave the specific test of Shaw (1938) and 
thus behaved like adrenaline. Recently Bulbring (1944) has 
demonstrated that a sympathomimetic substance is liberated into 
the perfusion fluid from the superior cervical ganglion on stimula- 
tion of the preganglionic nerves. The active fluid gave the fluor- 
escence test of Gaddum and Sceild (1934) which strengthened 
the assumption that the active substance was adrenaline, probably 
derived from the chrcmaffine cells present in the ganglion. Mean- 
while Loewi (1936) had put forward evidence that the active 
substance in extracts of frog hearts was identical with adrenaline, 
which was also supported by the analyses of Shaw (1938) using 
a sensitive chemical method. On the other hand substances with 
the properties of the postulated sympathin B or sympathin I 
do not seem to have been isolated or prepared from tissues or 
organs in previous work on the sympathomimetic mediators. 

Recent work from this laboratory (Euler, 1946 a, b, c, d) 
has shown, however, that a number of organs contain a blood 
pressure raising substance which, though it displays several 
features in common with adrenaline, at the same time shows 
distinct differences from this substance not only with regard 
to its action on some test organs but also chemically. 

The observation that the nerve-free placenta was the only organ 
which hitherto was found to be devoid of any activity of this 
kind suggested that the active substance was connected with 
nervous structures. The results of Cannon and Lissak also pro- 
vided facultative support to this view. Nervous tissues of various 
origin were accordingly prepared and extracted, and their action 
investigated biologically and with colour reactions. 


Methods. 

a. Extraction. The method of extraction of the organic material 
used adhered closely to that described in earlier papers (see Euler, 
1946 b). In short it consisted in extraction of the minced, fresh tissue 
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with 2 volumes of acid alcohol, filtering and evaporation of the alcohol. 
The fatty material present in the aqueous solution was removed with 
ether. The extracts of this kind (crude extracts) were often tested di- 
rectly on the blood pressure of the cat but in many instances it was 
found advantageous to purify the extracts further, especially on 
account of the presence in the extracts of a factor which lowered the 
blood pressure. The latter also seemed to be responsible for a stimula- 
tory effect on most smooth muscle organs, which considerably disturbed 
the biological analysis. It was found possible to remove this factor 
with Fuller’s earth at a slightly ncid reaction. After this treatment a 
pure pressor activity was left in the extracts, though in most cases 
some loss of active material ensued. A convenient method of testing 
the specificity of the pressor principle was to add a small amount of 
iodine solution which quickly' destroyed the active substance, leaving 
any r activity due to contaminating substance unchanged. 

b. Test objects. The extracts were tested on the blood pressure of 
the cat, on the isolated non-pregnant and pregnant uterus of the cat 
and the rabbit, the isolated intestine of the same animals and the pupil 
of the cat. In order to make the blood pressure preparation more sen- 
sitive 0.x mg/kg Gynergen 1 was given i. v. and 8 — 10 mg/kg cocaine 
hydrochloride i.m. In some cases it was found advantageous to inject 
1 ml 2 per cent novocaine intramedullary to depress vasomotor tone. 
Gynergen 2 — 3 mg/kg or dihydro-ergotamine'0.5 — 0.8 mg/kg was used 
to inhibit or reverse the pressor action of adrenaline. 

The biological effects were compared with those of 1-adrenaline, dl- 
nor-adrenaline (arterenol) 1 and dl, 3 : 4-dihydroxy-nor-cpliedrine (cor- 
basil). All compounds were used as hydrochlorides. The dosage of the 
nor-adrenaline is given in terms of the hydrochloride, the other two as 
the base. In the experiments on. the isolated organs these were suspended 
in a bath of 30 ml Tyrode’s solution bubbled through with G per cent 
COj in 0.. Temperature 38° C. 

c. Material. As material for the extracts of adrenergic nerve fibres 
the thoracic sympathetic trunk of cattle' or the splenic artery nerves of 
cattle or horse has been used. In the majority of the experiments ex- 
tracts of the latter origin have been used. This material had firstly 
the advantage of being easily procured in sufficient quantities and 
in addition yielded extracts of considerable purity and activity. The 
detailed analysis of the actions presented in this paper were made with 
this kind of extract, but numerous experiments have shown that the 
sympathomimetic substance demonstrated in other nerves and in the 
central nervous system had identical properties in all the mammals 
used (cattle, horse, cat, rabbit). 

Various other nerves were prepared from horse and cattle, such as 
the vagus, phrenic and splanchnic nerves, several sensory nerves such 

1 Kindly put at my disposal by Messrs. Sandoz. A. Q. Basel. 

* l)r H. Blasehko, Dept, of Pharmacology, Oxford, and Dr. M. L. Painter, 
New York, kindly supplied me with generous samples of arterenol, which is grate- 
fully acknowledged. 
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as the saphenous, fibular and solar nerves, the nerve branches extending 
cranially from the superior cenical ganglion in the horse, the grey and 
white thoracic sympathetic rami in the horse, ventral and dorsal 
(centrally to the ganglion) roots of the calf and some others. Further 
the spinal cord and various parts of the brain were extracted and tested. 
In most cases the extracts were tested as crude extracts as well as after 
purification with Fuller’s earth. 


Results. 

I. Biological actions. 

a. Blood pressure of the cat. 

The splenic artery in the horse and in cattle is coated by a 
plexus of nerves which is largely composed of postganglionic 
adrenergic sympathetic fibres (Bacq and Fp.edericq, 1935, 
Utterback, 1944). The plexus can be separated without great 
difficulty from the arterial wall, thus forming a fairly pure prepara- 
tion of adrenergic fibres. In the extracts of spleen artery nerves 
from the horse the biological effect consisted in an almost pure 
rise in pressure, but also in extracts of the sympathetic chain 
from cattle the contaminating depressor effect was moderate 
(Fig. 1). However, in order to perform a proper test of the active 
pressor substance the extracts were treated with Fuller’s earth 



Fig. 1. Blood pressure, cat, chloralose. 

1. 0.01 g thoracic sympathetic chain, cattle 

2. 1 fig dihydroxy-nor-ephedrine 

3. 0.005 g thoracic symp. chain 

4. 0.01 g * » » 

5. 1 fig adrenaline ' 

Time 30 seconds. 



SPECIFIC SYMPATHOMIMETIC ERG ONE. 



Fig. 2. Blood pressure, cat, chloralose. 

1. 0.05 g thoracic sympathetic chain, cattle, extract treated with Fuller s 
earth. 

2. 1 fig dihydroxy-nor-ephedrine 

3. 0.1 g thoracic symp. chain. 

4. 1 fig adrenaline 

5. 2 fig » 

Between 5. and 6. 8 mg cocaine hydrochloride per kg i. m. 

6. I fig dihydroxy-nor-ephedrine 

7. 0.08 g thoracic symp. chain 

8. 1 fig adrenaline 

Between 8. and 9. 3 mg Gynergen/kg i. v. 

9. 5 fig adrenaline 

10. 5 fig dihydroxy-nor-ephedrine 

11. 0.35 g thoracic aymp. chain. 

Time 30 seconds. 


until no fall in blood pressure preceded the rise (Fig. 2 — 4). This 
■was found especially important with regard to the effects after 
dihydxo-ergotamine (see below). 

On comparison of the effect of the purified extract of spleen 
artery nerves and adrenaline there appeared a characteristic 
difference of the same kind as previously described for spleen or 
heart extracts. "Whereas the adrenaline rise before cocaine was 
mostly preceded by a smaller or greater depressor notch or ‘step’ 
with the doses used (about 1 /ig) no such effect was noted with the 
active extract (Fig. 2). In the latter case the rise set in rapidly 
and reached its maximum in a shorter time than the adrenaline 
rise, when measured from the beginning of the definite rise. In 
this respect the effect of the extract closely resembled that of 
nor-adrenaline or dihydroxy-nor-ephedrine, which both produced 
very similar actions on the blood pressure. Quantitatively dl-nor- 
adrenaline hydrochloride was about twice as strong as dl-dihvd- 
roxy-nor-ephedrine weight for weight, the latter being about as 
active as 1-adrenaline, both the latter calculated as bases. 

After treatment of the animal with 8 — 10 mg of cocaine hydro- 



78 


U. S. V. EULER. 



Fig. 3. Blood pressure, cat, chloralose, 

1. 0.06 g splenic nerves, cattle, extract treated with Fuller’s earth. 

2. 0.5 fig nor-adrenaline-HCl 

3. 1 fig dihydroxy-nor-ephedrine 

4. 1 fig adrenaline 

Between 4. and 5. 0.6 mg dihydro-ergotamine/kg i. v. 

5. 0.25 g splenic nerves 

6. 2 fig nor-adrenaline-HCl 

7. 4 fig dihydroxy-nor-ephedrine 

8. 3 fig adrenaline. 

Time 30 seconds. 


chloride per kg intramuscularly, a considerable increase in action 
occurred, not only for adrenaline, nor-adrenaline and dihydroxy- 
nor-ephediine bub also, and to a very similar extent, for the active 
extracts (Fig. 2 and 4). Since the enhancement of action by 
cocaine is characteristic of certain catechol derivatives the 
observed action supports the assumption that the active substance 
belongs to this group, which is also borne out by the chemical 
tests described below. 

One of the characteristic features of the remote actions de- 
scribed by Cannon and Bacq, following the stimulation of sym- 
pathetic nerves, was the behaviour after a dose of ergotoxine, 
sufficiently big to reverse the action of adrenaline. In contrast 
to the action of injected adrenaline the nerve stimulation still 
produced a rise in blood pressure. The subsidence of the pressor 
action of spleen or mammalian heart extracts after ergotamine 
have been previously reported (Euler 1946 b, d). In the present 
study dihydro-ergotamine was used in some instances besides 
ergotamine. This new substance possesses the considerable advant- 
age of exerting a sympatholytic action in smaller amounts than 
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Kg. 4. Blood pressure, cat, chloralose, cocainc-HCl 8 mg/kg i. m. 

1. 1 ftg nor-adrenaline-HCl 

2. 2 ftg adrenaline 

3. 2 fig dihydroxy-nor-ephedrine 

4. 0.1 g splenic nerves, cattle, extract treated with Fuller’s earth. 

Between 4. and 6. 0.8 mg dihydro-ergotamine/kg i. v. 

5. 2 ftg nor-adrenaline-HCl 

6. 0.2 g splenic nerves 

7. 4 ftg adrenaline 

Between 7. and 8. further 0.3 mg dihydro-ergotamine/kg 

8. 3 «g dihydroxy-nor-ephedrine 

9. 0.3 g splenic nerves 

10. 3 fig nor-adrenaline-HCl 

11. 6 ftg adrenaline 

Time 30 seconds. 

ergotoxine or ergotamine and does not greatly interfere with 
circulation or respiration (Rotiilin, 1944). After a proper dose 
of dihydro-ergotamine, 0.6 — 0.8 mg/kg, the adrenaline effect 
was reversed, whereas the effect of the active extract, though 
strongly reduced, still retained some of its pressor action (Rig. 3). 
It was found essential in these experiments to remove the de- 
pressor activity of the extracts with Fuller’s earth, since a de- 
pressor action, which appeared to be negligible in the ordinary 
test before dihydro-ergotamine, became more marked after re- 
duction of the pressor response caused by this substance and 
tended to dominate the picture, thus simulating a reversal. The 
treatment with Fuller’s earth, however, (Fig. 2 — 4) completely 
nullified the depressor action before as well as after dihydro- 
ergotamine or ergotamine. 

Thus there was not only a strong resemblance between the 
action of the extract and that of nor-adrenaline or dihydroxy- 
nor-ephedrine, but the result clearly excludes adrenaline as the 
active substance. In no case a reversal of the action of the sub- 
stances used for comparison or of any active extract sufficiently 
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purified, was met with, after the dose of dihydro-ergotamine used. 
When there was a complete annulment of the pressor action, as 
illustrated in Fig. 4, this applied to the extracts as well as to the 
action of nor-adrenaline or dihydroxy-nor-ephedrine. 

b. Isolated non-pregnant cat’s uterus. 

In their study on sympathomimetic amines Barger and Dale 
(1910) noted an interesting difference in the action of adrenaline 
and catechol-ethanol-amine (nor-adrenaline), the latter having a 
definitely weaker inhibitory action on this test object as compared 
with adrenaline. A difference of this kind has also been noted by 
Cannon and Bacq when the effect of stimulation of sympathetic 
nerves was compared with the effect of injected adrenaline in 
doses which produced similar effects on the nictitating membrane. 
Again, when spleen artery nerve extracts were compared with 
the action of adrenaline in equipressor doses on the isolated non- 
pregnant uterus preparation of the- cat the ‘same kind of difference 
was noted (Fig. 5 A). The extracts had a distinct inhibitory action, 
however, which seems of importance for the discussion of its 
relationship with sympathin E. This inhibitory action was quan- 
titatively of the same order as that of an equipressor amount of 
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Fig. S. A. Isolated non-pregnant cat’s uterus, suspended in Tyrode’s solution, 
bath volume 30 ml. 

1. 5 fig adrenaline 

2. 2.5 fig nor-adrenaline-HCl 

3. Extract of splenic nerves, treated with Fuller’s earth, equivalent 
to 1. and 2. on the cat’s blood pressure. 

4. 5 fig adrenaline. 

B. Isolated cat’s uterus in early pregnancy. 

1. 3 fig adrenaline 

2. 3 fig nor-adrenaline 

3. 3 ft g adrcnalino 

4. Extract of splenic nerves, treated with Fuller's earth, equivalent 
to 3 fig nor-adrenaline on the cat’s blood pressure. 

5. 3 fig adrenaline. 
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nor-adrenaline, which provides further evidence for the close 
relationship between the active principle in the extracts and 
nor-adrenaline. 


c. Isolated pregnant cat's uterus. 

The action of adrenaline on this test object is a purely stimulat- 
ing one. The same kind of action also occurs with nor-adrenaline 
though the action of the latter substance is stronger weight for 
weight (Fig. 5 B). On the other .hand adrenaline seemed to be 
relatively more potent in its stimulating action on this organ than 
on the blood pressure compared with nor-adrenaline. In every 
instance, however, there was a complete parallelism between the 
actions of the latter substance and the purified extracts of adren- 
ergic nerves when equipressor amounts were compared. 


d. Isolated non-pregnant and pregnant rabbit's uterus. 

The isolated non-pregnant rabbit’s uterus contracts under the 
influence of adrenaline and a similar but weaker action is elicited 
by nor-adrenaline, and by the active extracts, equipressor amounts 
being compared. 

An interesting reaction was observed with a preparation of 
rabbit’s uterus in early pregnancy. This organ reacted with a fall 
in tone to moderate doses of nor-adrenaline and equipressor 
amounts of extracts of adrenergic nerves, but with a pure con- 
traction on adrenaline in comparable amounts (l?ig. 6). This 
seems to be the only organ so far examined which answers with a 
greater inhibitory action on nor-adrenaline than on adrenaline. 
The complete agreement between the action of nor-adrenaline 
and the adrenergic nerve ergone therefore receives a special 
significance. It should be noted too, that dihydroxy-nor-ephedrine 
also in this respect closely resembles nor-adrenaline in its action. 


e. Isolated rabbit's intestine. 

On this organ principally the same difference was noted between 
the action of the spleen artery nerves or the thoracic sympathetic 
trunk and of adrenaline, the latter being considerably more 
6 — $62524. Acta phys. Scandinav. Tol. 12. 
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Fig. 6. Isolated rabbit’s uterus in early pregnancy, Tyrode’s solution. 

1. 20 fig nor-adrenaline-HCl 

2. 20 fig adrenaline 

3. 40 fig diliydroxy-nor-ephedrine 

4. Extract of splenic nerves, treated with .Fuller's earth, equivalent to 
10 fig nor-adrenaline on the cat’s blood pressure 

5. 10 fig adrenaline 

6. 10 fig nor-adrenaline-HCl 

potent in its inhibitory action (Fig. 7). The same applies to the 
cat’s intestine. 



Fig. 7. Isolated rabbit’s intestine, Tyrode’s solution. 

1. 1 fig nor-adrenaline-HCl 

2. 2 fig adrenaline 

3. 0.1 g extract of splenic nerves, treated with Fuller’s earth, same 
extract as in Fig. 4. (1 — 3 same effect on the cot’s blood pressure). 
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Fig. 8. Cut’s eye. Prclrwitmenl with 8 mg cocitim- HCI/kg i m. Injections through 
internal carotid in central direction. 

1. Control 

2. 2 «g nor-ndrcimline-lICl 

3. Control 

4. 0.2 g extract of splenic nerve*, treated with Fuller's earth, pr««*or 
equivalent with 2 /<g nor-adrvtmline and 4 /< g adrenaline 

!i\ Control 

C, 2 ft g adrenaline. 


f. Cal's pupil. 

One of the arguments for the assumption of Cannon and Lissak 
that the active substance in their extracts was adrenaline was 
derived from the behaviour of the cat’s pupil on injection of the 
extracts. When, in the present experiments, extracts of the sym- 
pathetic trunk or splenic nerves were injected from the external 
through the internal carotid towards the eye, sensitised by co- 
caine, a definite widening of the pupil was observed ns in their 
experiments. Quantitatively there was a marked difference from 
adrenaline in equipressor amounts, however, the latter substance 
being definitely more potent. (Fig. 8). 


II. Stability. 

As previously reported for the active sympathomimetic sub- 
stance in spleen extracts it showed a fairly good stability in acids 
but less so in alkali, especially in a purified state (Euler, 1940 b). 
The reason for the still considerable stability in alkali was ex- 
plained as being due to the presence of protecting substances. 

The purified preparations of splenic nerves or the sympathetic 
trunk were quickly destroyed by heating to 100° C in normal 
alkali, but resisted the same treatment with normal acids to a 
greater extent. 
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Addition of a small quantity of iodine solution to weakly alkaline 
or neutral extracts of nerves rapidly destroyed the sympathomim- 
etic activity, leaving the depressor action and the smooth muscle 
stimulating action, generally occurring in unpurified extracts. 
In extracts purified with Fuller's earth, where no depressor or 
smooth muscle stimulating activity was present, a complete 
inactivation was observed. 


m. Catechol reactions. 

All extracts containing sympathomimetic activity gave the 
characteristic catechol reaction with ferric chloride, the solution 
turning greenish and, on alakalization, red. The reaction showed 
a good quantitative agreement with that of a solution of nor- 
adrenaline having equally strong biological actions, which is of 
significance, since a comparison of equally active solutions of 
adrenaline and nerve extracts on the blood pressure displayed a 
stronger chemical reaction for adrenaline, which is in conformity 
with the fact that adrenaline and nor-adrenaline give very similar 
catechol reactions weight for weight, but are not equally active 
biologically. 

The phospho-tungstic reaction of Folin, Cannon and Denis 
(1912) was found to be too unreliable in most cases to be' of any 
use for quantitative comparisons, a number of other substances 
likely to be present in organ extracts, partaking in the reaction. 


IV. Fluorescence reaction. 

Gaddum and Schild (1934) have shown that the typical green 
fluorescence in ultra-violet light which appears on addition of 
strong alkali to an adrenaline solution in the presence of oxygen 
is very weak in a solution of nor-adrenaline. The same applies to 
dioxy-nor-ephedrine as announced in a previous communication 
(Euler, 1946 b). With extracts of the thoracic sympathetic 
trunk or splenic artery nerves it was not possible to demonstrate 
with certainty any fluorescence reaction, though an equipressor 
solution of adrenaline gave a strong reaction, which appears to 
rule out the possibility of adrenaline being present in significant 
amounts in the extracts tested* 
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V. Distribution of sympathetic ergone in nerves. 

It lias been shown that the sympathetic ergone appears in 
alcoholic extracts of various nerves containing adrenergic fibres. 
In order to gain some more detailed information as to the localisa- 
tion of the active principle in nervous structures it was firstly 
investigated whether it occurred in the sympathetic ganglia in 
amounts comparable to those in the fibres, for instance in the 



Tig. D. Blood pressure, cat, clilornlosc. 

1. 0.015 g thoracic sympathetic chain, cattle. 

2. 0.05 g sciatic nerve, cat. 

3. 0.01 g thoracic symp. chain, without ganglia. 

4. 0.05 g * » » ganglia. 

Time 30 seconds. 


splenic nerves. For that reason separate preparations were made 
of the fibres and of the ganglia of the thoracic sympathetic chain. 
The tests clearly showed that the content in the fibres far exceeded 
that in the ganglia, though, of course, numerous fibres were con- 
tained in what was prepared as ganglia, isolated by cutting the 
interganglionic nerve trunk close to the ganglia. The amount of 
sympathetic ergone in the fibres was roughly 5 times as big as 
that in the ganglia (Fig. 9). The result seems to merit some interest 
in view of the recent findings of BunnRixa (1944) who was able 
to demonstrate the presence of small amounts of an adrenaline- 
like substance in sympathetic ganglia in the neck. It appears 
likely that the adrenaline-like activity found in her experiments 
is due partly to the existence of adrenergic fibres in the ganglion. 

If the activity of our extracts is due to the presence of adren- 
ergic fibres it should be possible to demonstrate different amounts 
.in the white and grey sympathetic rami. This was also the case, 
when tests were made on such preparations obtained from a horse 
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Pig. 10. Blood pressure, cat, chloralose. 

1. 0.1 g splenic nerves, horse. 

2. 1 fig dihydroxy-nor-ephedrine. 

3. 0.1 g sensory nerve to the skin of hind leg, horse. 

4. 0.025 g grey sympathetic rami, horse. 

5. 0.025 g white sympathetic rami, horse. 

Time 30 seconds. 

(my thanks are due to prof. Palmgren and Dr. Noren of the 
Veterinary High School for kind facilities offered). Pig. 10 (4 
and 5) shows the effect on the blood pressure of the cat of equal 
amounts of grey and white rami. 

Several other kinds of nerves were also prepared and tested 
mostly- only on the blood pressure of the cat. The following table 
gives approximate figures for the content of sympathomimetic 
activity in terms of pressor equivalents of adrenaline. Depressor 
action applies to crude extract. 

The highest amounts were accordingly found in the sympathetic 
nerve preparations, but quite considerable quantities were also 
demonstrated in extracts of mixed motor and sensory nerves and 
in sensory nerves. 

The presence of the sympathetic ergone in extracts of the vagus 
nerve, the phrenic nerve and the root fibres of the spinal cord 
calls for some comment. As to vagus nerves it is known that it 
contains cardioacceleratory fibres for instance in the cat, which 
might be taken as physiological evidence for the presence of 
adrenergic fibres in this nerve. Por obvious reasons it has not been 
possible to demonstrate with certainty the presence of such 
fibres in the phrenic nerve or in the root fibres of the spinal cord. 
The amount found in these nerve preparations was not high but 
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Nerve 

Animal 

fig adrenaline 
equivalents 
per g of nerve 
in blood 
presanro test 

Depressor 
action 
+ =wcak 

4- + =moderatc 
+ 4- + =rstrong 

Sympathetic trunk (whole) . . . 

Horse 

30 

+ + 

» , (>)... 

Cattle 

30-100 

+ + 

> » (fibres) .... 

> 

40 

+ + 

» > (ganglia) . . . 

> 

10 

+ + + 

White rami 

Horse 

5-10 

+ + 

Grey > . . . • 

> 

40 

4 

Splenic nervea 

> 

20 

4 

> > 

Cattlo 

20 

4 

Carotid nerve 

Horse 

10 

4 

Vagus nerve 

Horso 

5 

++ + 

Phrenic » 

> 

6 

+ + 

Mesenteric nerves 

> 

5-10 

•+ + 

> > 

Cattle 

5-10 

+ + 

Sciatic nerve 

Cat 

5 

+ + 

Sensory skin branches to the hind 
legs 

Horse 

5-10 

4 4 

Spinal cord 

Cattlo 

2 

++ 

Dorsal roots 

Calf 

2 

++ 

Ventral > 

> 

1.B 

+ + + 

Brain 

Cortex 

•Calf 

0.5 

+ 

Cerebellum 

> 

0.8 

4 

Basal ganglia 

« 

0.5 

++ 


sufficient to be significant. Whether the fibres responsible for 
the content of sympathetic ergone are vasomotor fibres accom- 
panying the nutritive vessels, or appear among the rest of the 
axones cannot- be determined at present. 

Only small amounts were found in extracts of various parts of 
the brain, which had been carefully freed fo meninges and super- 
ficial vessels. An extract made of vascular plexus and meninges 
showed, on the other hand, quite a high activity, which indicates 
that the brain vessels are amply supplied with vasomotor nerves. 
The latter implication is in harmony with the findings of 
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Bouckaert and J ourdan (1936). If part of the activity found in 
brain extracts can be regarded as being due to vasomotor nerves 
accompanying the vessels it is clear that the nervous structures 
themselves contain it only sparingly. 

As to the presence of the depressor action in the nerve extracts 
this has been found to be stronger in extract's of the sympathetic 
chain than in splenic nerves. This is probably connected with the 
fact that the former contains a considerable number of pre- 
ganglionic fibres. 


VL Effect of severing of splanchnic and splenic nerves on the 
content of sympathomimetic ergone in spleen extracts. 

In three experiments on cats the influence of cutting the splanch- 
nic nerves on the content of sympathomimetic substance in the 
spleen was studied. The splanchni.es on both sides were cut in 
ether anaesthesia and part of the coeliac ganglion extirpated 
in two cases. The animals were killed after Id — 24 days aud the 
spleen extracted as usual. In these two cases there was a definite 
reduction of the content of the active substance, though it could 
still be demonstrated, but in the cat where splanchnicotomia 
alone was performed no certain effect pn the content could he 
found. 



Fig. 11. Blood pressure, cat, chloralose. 

1. 0.1 g spleen, cat, two weeks after bilateral splanchnicotomy and 
extirpation of cranial parts of coeliac ganglia. 

2. 0.1 g spleen, cat, 3 weeks after local silver nitrate treatment of largest 

spleen artery. 

3. 0.1 g spleen cat, normal (action about equivalent to 0.5 fig nor- 
ndrennline-HCl or 1 fig adrenaline).' 

Timo 30 seconds. 
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In two other cats the largest splenic artery was prepared free 
in ether anaesthesia and treated with solid silver nitrate. After 
3 weeks the spleen was extracted and the extract tested. The 
content in these cases was considerably reduced, (Fig. 11) showing 
that the presence of the active substance is dependent on the 
splenic peri-arterial nerves. The reason why the effect did not 
wholly disappear is no doubt to be sought in the fnct that the 
spleen of the cat is supplied with a number of small arteries which 
convey adrenergic fibres, and possibly also the veins, in addition 
to the large main branch. 

The experiments have thus shown that severance of the splanch- 
nics does not greatly influence the content of the cat’s spleen of 
sympathomimetic substance, but that partial severance of the 
ganglia and postganglionic fibres reduces the content. 


VIL Free or bound sympathin in adrenergic norvo fibres? 

From the experimental results reported above it seems hard 
to doubt that the sympathetic ergone, henceforth called sym- 
pathin, occurs along the whole length of the adrenergic fibres, 
thus not only in the ’nerve endings’, which arc still unsatisfactorily 
characterized. The question then arises whether the sympathin 
occurs in a free or in a conjugated form. Some preliminary ex- 
periments have been performed in order to gain information on 
this point, primarily initiated by the previously reported ob- 
servations on the fixation of sympathin and adrenaline to certain 
lipids. A binding of this kind was first observed by Kendall 
(1942) who found that adrenaline aquired solubility in chloro- 
form in the presence of certain lipids. This observation has been 
confirmed (Euler, 1946 b) and in addition it was found that 
sympathin displayed similar properties in this respect. Thus the 
lipid-ether solution obtained by extraction . of .the evaporated 
alcoholic extracts with ether contained some activity which could 
be extracted by repeated washings with water or an aqueous 
solution of, for instance, 5 per cent sodium sulphate. Instead of 
the naturally occurring organ lipids, partly dissolved by the alcohol 
during the extraction, and subsequently dissolved by ether from 
the concentrated aqueous extract, brands of commercial phospho- 
lipids were dissolved in ether and used as a vehicle. After thorough 
shaking and separation of the etherael layer from the aqueous 
extract, the former had taken up part of the activity which after- 
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wards could be extracted by an aqueous salt solution. Generally 
some 2 — 5 per cent of the total activity of the extract could be 
transferred in each operation, whereafter a similar amount could 
be taken up anew and extracted. Thus of 10,000 jig adrenaline 
equivalents in 100 ml extract some 3 — 500 fig were extracted by 
twice the volume ether containing 50 mg lecithin per ml. This 
amount could be extracted from the lipid ether solution by re- 
peated (3 times) shaking with 10 ml 5 per cent sodium sulphate 
solution. Further extractions yielded only minute quantities. The 
optimal pH of the extract was found to be around pH 4; more 
acid, neutral or slightly alkaline reactions in the extract yielding 
smaller amounts of activity. Of the lipids, fats and other lipid- 
soluble compounds only lecitliine and cephaline proved to be of 
use, other substances such as neutral fats, fatty acids (stearic 
acid, oleic acid) paraffine oil and bee-wax failing to bring the 
sympathin in ethereal solution. On the nature of this ether soluble 
compound of sympathin (and adrenaline) with the phospho- 
lipids certain assumptions have been made by Barger (1930) 
and by Easson and Stedman (1933) who suggested some ways 
of chemical linkages between the catechol amines and the phospho- 
lipids. 

The finding that sympathin may be carried by such lipids in 
an ether soluble compound suggests a mode of fixation to the 
lipids of the nerve fibre which possibly is of great physiological 
significance. If occurring physiologically such a compound would 
split with sufficient ease to permit a rapid liberation of sympathin 
in a water-soluble form, judging from the experiments quoted 
above. 

Another possibility would be that the sympathin is fixed to 
some protein, where some kind of molecular attachement also 
has been considered in conformity with the suggestions of 
Barger. In such a case a high-molecular undialysable compound 
would be expected to occur. In a number of experiments it was 
tested whether any significant quantity of sympathomimetic 
activity was present in an undialysable form. About 100 g of 
thoracic trunk from cattle was minced and laked with 200 ml 
water over night in the refrigerator. The clear, slightly rosy fluid 
was then dialysed against 1 litre of distilled water in the ice chest 
for 24 hours. It was found that approximately the calculated 
amount of activity had passed, in the. dialysate. After renewed 
dialysis of the content in the cellophane dialyzing bag practically 
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all of the activity had passed to the dialysate. The experiment 
demonstrates that, if existing, any high-molecular compound is 
easily dissociated, allowing the active low molecular group to pass 
through the membrane. Similar results have previously been re- 
ported by Loewi (1936) and by Scheiner (1937) who used ultra- 
filtrates of spleen. 


VUL Relations between sympathin and the catechol com- 
pounds found in colour testB on organ extracts. 

Shaw (1938) has described a method of estimating adrenaline 
colorimetrically with the use of arsenomolybdic acid, after ad- 
sorption of the adrenaline on aluminium hydroxide. He was also 
able to show that treatment with alkali reinforced the strength 
of the colour given by adrenaline some 5 times, whereas other 
catechol compounds such as dihydroxy-nor-ephedrine and nor- 
adrenaline showed no increase, and, in addition, gave a consider- 
ably weaker colour reaction weight for weight. In extracts of 
various organs and blood from different animals he found the 
colour increase, due to alkali, except in the suprarenals, only in 
frog’s heart and rabbit’s prostate, but not in other organs such as 
rabbit’s heart, liver and others. This is in good keeping with our 
findings that the active sympathomimetic compound in mammalian 
heart extracts is not adrenaline (Euler, 1916 d). On the other 
hand the high ratio of colour increase in rabbit’s prostate and 
frog’s heart extracts appears to be of special significance viewing 
the previous results of Euler (1934) and Loewi (1936). As shown 
in the present paper extracts of frog’s hearts contain a sympa- 
thomimetic substance which does not behave biologically or 
chemically like that in the mammalian organs but conforms witb 
adrenaline in its action on tbc blood pressure after dihydro- 
ergotamine (Tig. 12) and in the fluorescence test. 

Loewi's conclusion that the active substance in frog’s heart 
is identical with adrenaline can thus be confirmed and the evi- 
dence for this opinion strengthened. 

Using a slight modification of Shaw’s method, Raab in a 
series of papers has shown that extracts of a variety of tissues 
contain a colour giving catechol substance, differing from adren- 
aline in respect of the colour increase due to alkali. He found 
quite high figures in extracts of a number of organs from rat and 
man, especially high in the spleen which is in good agreement 
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with our results. His figures will hardly permit a direct comparison 
with those found biologically in our previous experiments since 
other substances than those exerting a pharmacodynamical action 
probably have been partaking in the colour estimation figures. 
The statement (Raab, 1943) that a colour increase greater than 
2: 1 indicates pure or almost pure adrenaline or sympaihin ob- 



Fig. 12. 


Blood pressure, ent, chloruloso. 

1. O.lG g frog’s nnd tonds’ hearts (equivalent to 1 ,"g adrenaline) 
Between 1. nnd 2. 0.8 mg dihydro-ergotamine/kg 

2. 0.2 mg splenic nerves, cattle 

3. 3 /'g adrenaline 

4. 1 fig nor-adrcnaline-HCl 

5. 0.32 g frogs’ nnd toads’ henrts. 

Time 30 seconds. 


viously needs revision since the latter substance, behaving like 
nor-adrenaline, does not increase in colour. On the other hand the 
big activity found in spleen extracts (Euler, 1946 b) as compared 
with the colour increase ratio found by Raab for this organ, which 
had the value of 1, prefectly agrees with our findings, that the 
active substance is not adrenaline. 


IX. The sympathomimetic ergone in extracts of frog’s hearts. 

The original work of Loewi and his associates on the heart 
stimulating agent liberated from the frog’s heart on stimulation 
of its sympathetic nerves pointed at adrenaline or a nearly re- 
lated substance as the cause of this action. In later papers (Loewi, 
1936, 1937) evidence was presented for the identification of the 
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active substance -with adrenaline, chiefly based on its behaviour 
in the fluorescence test of Gaddum and Schild. In view of the 
different behaviour of the active agent in mammalian heart 
extracts it seemed of interest to repeat the experiments of Loewi 
with extracts of frog’s hearts. Extracts were prepared in the 
usual way and tested on the cat’s blood pressure and for the 
fluorescence reaction. As shown by Fig. 12 the extracts produced 
a clear rise. in blood pressure after purification with Fuller’s 
earth, corresponding to some 5 pg adrenaline per g. After treat- 
ment of the animal with a dose of dihydro-ergotamine, sufficient 
to inhibit completely the action of adrenaline, the frog heart 
extract was also ineffective in contrast to nor-adrenaline and 
splenic nerve extract. This experiment thus definitely points 
against nor-adrenaline as the active agent and in favour of adren- 
aline. A comparison of a purified extract of frog’s hearts and of 
adrenaline, having the same action on the cat’s blood pressure 
per unit of volume, as to tbe fluorescence reaction showed a very 
similar degree of green fluorescence, which has not been found 
with extracts of mammalian hearts. 

Our results with extracts of frog's hearts therefore fully agree 
with the opinion of Loeivi that the active substance in this case 
is adrenaline. 


Comment. 

The sum of evidence presented in this report allows the con- 
clusion that the sympathomimetic compound found in extracts 
of mammalian adrenergic fibres is different from adrenaline. On 
tbe other hand the active principle has the properties of a cate- 
chol compound, and a detailed study discloses a near relation- 
ship with a nor-compound. The assumption that the active sub- 
stance is in fact the nearest relative to adrenaline, nor-adrenaline 
or catechol-ethanolamine, is suggestive. To the biological criteria, 
a Inch support this idea qualitatively as well as quantitatively, 
may be added the chemical ones, viz. the catechol colour reac- 
tions with ferric chloride and the fluorescence tests. 

The idea that the specific ergone of the adrenergic system may 
e nearly related to nor-adrenaline has been expressed previously 
by several authors though conclusive evidence has been lacking 
hitherto. Thus Bargee and Bale (1910) were the first to point 
out the resemblances between the effect of sympathetic stimula- 



94 


U. S. V. EULER. 


tion of certain organs and the effect of nor-adrenaline. The dis- 
crepancies in action between the action of injected adrenaline 
and stimulation of the hepatic nerves observed by Cannon and 
Rosenblueth (1933) led Bacq (1934) to suggest that the in- 
hibitory actions caused by sympathetic stimulation were caused 
by adrenaline whereas the stimulating might be produced by 
nor-gdrenaline. Pinkston, Greer, Brannon and Baxter (1937) 
and Stehle and Ellsworth (1937) also have considered nor- 
adrenaline as a possible sympathetic hormone, the former authors 
on the basis of direct comparison of the effects of this substance 
with those of adrenaline and hepatic nerve stimulation. 

Blaschko (1942) has presented chemical evidence for the 
formation of nor-adrenaline in the body and points out that a 
demethylation of adrenaline as the source of the postulated nor- 
adrenaline, believed to be identical with the postulated sympathin 
E (Bacq), is not needed, but that, instead, adrenaline is formed 
by N-methylation of the nor-adrenaline. 

Obviously this finding gives a strong support to the inference 
drawn from the experiments described in this paper that the 
active substance is, in fact, identical with nor-adrenaline. 

The observations on the actions of the naturally occurring 
adrenergic ergone also appear to throw some light on the problem 
of the two kinds of action of sympathetic stimulation. One of the 
basic assumptions of Cannon and Rosenblueth for the hypo- 
thesis of an inhibitory and an excitatory sympathin was that a 
purely excitatory action could be elicited by stimulation of cer- 
tain adrenergic nerves. The nerves to the spleen would seem to 
be a. most satisfactory preparation for the study of such an effect. 
Now it is true that the active ergone in these nerves, as in other 
adrenergic nerve preparations, exhibits much stronger stimulat- 
ing actions than inhioitory ones (for instance on the non-pregnant 
cat’s uterus), but the important point appears to be the fact that 
there is still a definite inhibitory effect on various organs. The 
adrenergic ergone or nor-adrenaline would therefore be able to 
elicit most of the inhibitory effects observed on sympathetic 
nerve stimulation, with the possible exception of the blood ves- 
sels, where an inhibitory action is questionable. On the other hand 
the vasodilator action observed by Dale (1913) on splanchnic 
nerve stimulation after ergotoxine was rather weak and may 
be explained either on the basis of- antidromic nerve stimulation 
or on the assumption that adrenaline was released from other 
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sources than the adrenals, for instance the prostate or the ovaries 
or paraganglionic tissue. 

The experiments of Cannon and Rosenbbbeth give some 
evidence for the appearance of a factor producing a depressor 
action after ergotoxine on stimulation of. certain sympathetic, 
nerves. This action may he explained by the liberation of small 
quantities of adrenaline deriving from chromaffine cell groups 
which have been demonstrated histologically in various places- 
of the body. 

From this brief review of the present evidence it seems most 
likely that the adrenergic transmitter is nor-adrenaline and that 
sympathetic nerve stimulation on some occasions may liberate 
small quantities of the methylated product from chromaffine 
cells in addition, presumably adrenaline. Thus, using the nomen- 
clature of Cannon and Rosenbltjeth, sympathin E would be 
nor-adrenaline and sympathin I adrenaline, as assumed by Bacq 
(1934), though he seems to have abandoned this view later (Bacq 
and Fredericq, 1935). 

A fact of considerable general biological interest is the demon- 
stration of comparatively large amounts of the sympathomimetic 
substance in adrenergic nerve trunks, which means that it is 
not restricted to the nerve endings. This will also explain why 
extracts of whole spleen contains such large amounts, which, if 
concentrated to the “nerve endings" would give unlikely high 
figures. 

The adrenergic ergone of the present investigation obviously 
would have a different meaning than sympathin since this word 
has been used for adrenaline (Cannon and Bacq) and to depict 
a substance other than the mediator (Cannon and Rosenblueth). 
On the other hand there is little reason to introduce new names 
and it is therefore proposed that the specific adrenergic ergone 
shall be termed sympathin in the meaning of the active transmitter, 
different from adrenaline. 


Summary. 

Extracts have been prepared of various kinds of nerves and 
their content of sympathomimetic activity determined and the 
actions analyzed. 

The thoracic and lumbar sympathetic chain and the splenic 
periarterial nerves were especially suitable for preparation of the 
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active substance and contained some 30 — 100 / xg adrenaline 
equivalents per g as measured on the blood pressure of the cat. 

The active substance gives catechol reactions and bears near 
relations to adrenaline, but differs characteristically from this in 
the following respects, where a close resemblance to nor-adrena- 
line w r as found: 

Blood pressure action on the cat after ergotamine or dihydro- 
ergotamine (Fig. 2 — 4). 

Action on non-pregnant cat’s uterus (Fig. 5 A), pregnant rabbit’s 
uterus (Fig. 6) and the isolated intestine of the cat and rabbit 
(Fig. 7). 

Pupil-dilating action (Fig. 8). 

Fluorescence test. 

The active substance occurs in higher amounts in the grey 
sympathetic rami than in the white rami (Fig. 10). 

The content is fairly high in sensory nerves of the skin but low 
in sympathetic ganglia, the vagu^ and phrenic nerves and various 
parts of the brain. 

After degeneration of the main portion of the (post-ganglionic) 
periarterial splenic nerves the content of the spleen of the active 
substance is greatly reduced. 

The possible physiological significance of the solubility of the 
active substance in ether in the presence of phospho-lipids is 
pointed out. 

- From the experiments it is inferred that the active substance is 
the physiological transmitter of adrenergic nerve action in mam- 
mals and identical with nor-adrenaline. 

Extracts of frogs’ hearts contain an active substance with the 
properties of adrenaline. 

It is suggested that the name sympathin should be used for 
the ergone demonstrated in adrenergic nerves, exerting the actions 
of nor-adrenaline. 

The relationship of the adrenergic ergone to sympathin E and 
I is discussed. 


The expenses of this investigation were defrayed by a grant 
from the Rockefeller Foundation, which is gratefully acknow- 
ledged. 
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The Influence of Anoxia on the Eye 
Hand Co-Ordination. 
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As is known, generally tlie oxygen starvation, of the brain pro- 
duces failure of judgment and inability to carry out or to co- 
ordinate muscular movements properly. As stated by Armstrong 
(1943), at about 14,000 ft pressure-altitude and above, there is 
a progressive deterioration of voluntary muscular control. 

In this paper I have tried to find out the influence of oxygen 
deficiency on the eye hand co-ordination. 

Methods. 

The subjects for this study were 1 female and 2 males, 28 — 31 years 
old. The experiments were mode by means of a Pursuit meter appa- 
ratus described by Abramson (1929). The subjects had, by means of 
a steering-wheel, to fix the hand of an ammeter which made irregular 
sways. The greater the sways the more current passed through the 
apparatus and was checked as watt-hours by two ammeters, one for 
the sways to tbe left, one for the sways to the right. In table 1 these 
left and right values are summarized and expressed as tbe averages of 
4 — 6 experiments. 

Before beginning the experiments at low pressures the subjects 
trained themselves in order to achieve a stable value on the sea-lovel 
(about 2 months). Even during the experimental period at low-pres- 
sures controls were made on the sea level to ensure that the sea-level 
values had not changed. The experiments were made in a low-pressure 
chamber. Before beginning the experiment the subject was exposed to 
pressure-altitude for 5 minutes then tried to fix the hand of the am- 
meter for 10 minutes after which samples of alveolar air were taken 
and finally the oxygen mask put on. After 10 minutes rest at altitudes 

8 — 56252-4. Ada phys. Scandinav. Vol. IS. 
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Table 1. 


Subject 

Pressure- 

altitude 

m. 

Baro- 
meter 
mm Hg. 

Pursuit m values 
in watthrs. 

Alveolar 

CO* 

Alveolar 

o 2 

After 15 min. 
exposure 
at alt. 

After 10 min. 
on 0 2 
at alt. 

L. M. 

0 

760.0 

68.0 


38.2 

97.4 


3,000 

525.8 

63.7 

— 

31.3 

55.4 


4,000 

460.7 

63.0 

— 

29.8 

56.9 


5,000 

405.1 

70.8 

69-2 

27.2 

45.0 


6,000 

353.8 

95.1 

79.4 

27.8 

39.8 


7,000 

307.8 

109.5 

89.2 

26.0 

35.5 

A. J. 

0 

760.0 

64.8 



38.5 

105.3 


3,000 

525.8 

55.3 

— 

33.1 

63.4 


4,000 

460.7 

55.3 

— 

34.7 

60.3 


5,000 

405.1 

55.3 

60.5 

27.3 

47.6 


6,000 

353.8 

72.1 

71.5 

25.2 

42.3 


7,000 

307.8 

88.3 

70.8 

25.8 

34.5 

H. R. 

0 

760.0 

73.2 

_ 

34.0 

114.8 


3,000 

525.8 

73.4 

, 

30.4 

69.2 


4,000 

460.7 

66.0- 

— 

26.6 

46.1 


6,000 

353.8 

134.3 

84.8 

27.2 

43.8 


7,000 

307.8 

125.2 

76.7 

24.9 

36.6 


of 5,000 m and above a new experiment was made with oxygen mask 
on. The experiments were made in the morning when the subjects were 
rested after a night’s sleep. 


Results and Discussion. 

The results attained are shown in table 1. We see that simulated 
altitudes up to 6,000 m do not influence the co-ordination. (The 
female subject H. R. did not make experiments at 5,000 m.) At 
the pressure-altitude of 6,000 m and above a significant deteriora- 
tion of the co-ordination is seen. At the same altitude the other 
symptoms of anoxia appeared: anesthesies, euphoria, sleepiness. 
After administering oxygen these symptoms disappeared and the 
co-ordination was improved. It is assumed generally that the in- 
fluence of anoxia is noticeable already at about 4,000 m and that 
the signs of muscular inco-ordination begin to make their appear- 
ance. Although single, familiar movements may be performed 
about as well as usual, more complicated or unusual ones are 
clumsily and imperfectly executed, Bard (1942). Considering that 
the subjects before these experiments had been in training about 
2 months we can understand why the inco-ordination appears first 
at 6,000 m pressure-altitude in this case. 
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Summary. 

1) By means of Pursuit meter apparatus the influence of anoxia 
on eye hand co-ordination lias Been investigated. 

2) At pressure-altitudes of G,000 m and above an appreciable 
deterioration of co-ordination was found. 

The writer is indebted to Ants Juurup for technical assistance. 
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Numerous investigators have demonstrated that muscular 
exercise produces a rise in body temperature. This has generally 
been looked upon as a sign of insufficient temperature regulation. 
Nielsen (1938) assumes that the higher body temperature during 
exercise may benefit the performance of work. He also suggests 
a way to demonstrate this, i. e. by measuring the maximum capa- 
city for work of subjects at different body temperatures. 

This has been done by Asmussen and Boje (1945). They 
assume that the improvement in work capacity is mainly due to 
the higher muscle temperature. A higher rectal, i. e. blood tem- 
perature, allows the local muscle temperature to be maintained 
at a higher level than would otherwise be possible. Likewise they 
assert that the passive warming of the organism as well as the 
active warming through muscular exercise improves the capacity 
for work. 

In this paper I have investigated the influence of body tem- 
perature on performances in swimming, which is of some interest 
considering that the temperature regulation may be severely 
influenced by the temperature of the water. I have investigated 
the effects of passive and active warming. 

Methods. 

Crawl (50 m and 400 m) and 200 m breast-stroke were used. The 
rectal temperature was determined by an ordinary maximum tlicr- 
mometer, in some cases where a continuous registration of rectal 

The expenses of the work have been defrayed by the E. J. LSngmans Foundation. 
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temperature "was necessary a thermocouple was used. Muscle tem* 
peratures were measured by means of a thermoneedlc. 

The swimming took place in a 50 m swimming pool, with water tem- 
perature 21—22° C. Tho air temperature in the swimming hall was 
23 — 24° C. The methods for warming have been recorded in the de- 
scription of the experiments. 

The subjects were healthy sportsmen between the ages of 30 and 32. 
Two of them had been contest swimmers. At the beginning of the experi- 
mental period they were untrained. The experiments took place in the 
morning and tho subjects were practically in a fasting condition. 

Experimental Results. 

The results from a series of experiments on 3 subjects are aver- 
aged. The subjects were; L. M. 31 years, 185 cm, 77.6 kg; A. T. 
32 years, 180 cm, 77.5 kg; both former contest swimmers. For the 
experiments they swam 50 m and 400 m crawl. A. J. 30 years, 
183 cm, 85 kg; field-athlete and basket ball player swam for tbo 
experiments 50 m crawl and 200 m breast-stroke. 

Before swimming the subjects rested (15 — 20 min.) until their 
pulse rates reached a stable value. Similarly they did not begin 
to swim immediately after warming, as they felt dizzy after 
warming, especially after hot baths, and could hardly swim, but 
waited here too until the pulse rate was stable (about 10 minutes). 
The rectal temperature showed in 10 minutes a fall of 0.1 — 0.2° 
only, whereas the muscle temperature showed a considerable fall. 

The first distance for test-swimming was 50 m crawl, A hot 
bath was used for warming (40 — 43° C for 15—18 minutes). The 
results showed that an increase of rectal temperature by 1,0 — 
1.6° C improves the results by 0.0 — 2.0 % (averages of 6 experi- 
ments). By applying 10 minutes of light gymnastics (jogging), 
the increase in rectal temperature was 0. 4 — 0. 9° C and the improve- 
ment in results 0.G — 2.2 % (averages of 5 experiments). 

As 50 m is a rather short distance and the results may have been 
influenced by factors beyond our control (for instance the successful 
or non-successful start or even good control of the swimming-style), 
longer distances were considered preferable in the subsequent 
experiments. 

As active warming the rather vague "jogging” was replaced 
by riding a stationary bicycle braked by a simple friction brake. 
The rate of work was 1,080 mkg/min for 10 minutes. In this and 
in all subsequent experiments L. M. and A. T. swam 400 m crawl 
and A. J. 200 m breast-stroke. 
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Table 1. 

The change in rectal temperature and swimming time after various 
methods of rearming and cooling. 


Subj ectr 

Body tempera- 
ture influenced 
by: 

Number 
of exp. 

Extreme values 
of rectal 
temperature 

Improvement 
in time in f, 

“Con- 

trol’’ 

cond. 

“Warm” 

cond. 

L. SI., A. T., A. J. 

Preliminary vork 

4 

37.0° 

37.6° 

1.4— 2.6 

L. SI., A. T., A. J. 

Hot bath 

4 

36.9° 

38.1° 

2.1— 3.9 

L. SI., A. J. . . . 

Diathermy 

3 

37.0° 

37.7° 

1.3— 1.9 

L. SI., A. J. . . . 

Cold bath 

3 

37.2° 

(36.5°) 

(-3.6 6.8) 


Table 2. 

Percentage improvement in time per 100 m in 400 m and 200 m 

sioimming. 


Subjects 

1—100 

101-200 

201-300 

301-400 

L. SI. 

1.0 

0.4 

2.6 

2.7 

A. T 

1.8 

0.4 

0.8 

1.0 

A. J. 

0.8 

4.2 

— 

— 


Table 1 shows that here again active warming improves the 
results by between 1.4 and 2.6 per cent despite the fact that the 
rectal temperature increases only about 0.6° 0. The question as 
to whether the beneficial effect of the warming is limited to the 
first part of the distance only or whether it is effective over the 
entire distance is elucidated in table 2 which shows the improve- 
ments of times per 100 m (averages of 4 experiments). We see 
that every single 100 m in 400 m and 200 m respectively is better 
in "warm” than in "control” condition. 

The results achieved with hot baths (40 — 43° C in 15 18 
minutes) showed a greater increase in rectal temperature when 
compared with rectal temperatures after bicycle riding, and the 
times improved more here than in the former experiments. 

In fig. 1 the individual values for L. M. in swimming in con- 
trol” and "warm” (hot bath) condition are plotted against the 
successive experimental days. The general trend towards better 
results during the experimental period is due to the effect of 
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training. In any case, every result from tlie "warm” condition 
is always better than the corresponding “control” result. 

In the next experiments the body was heated by means of short 
wave radio diathermy. Unfortunately, the heating pads at our 
disposal were not big enough to cover the greater part of the 
body. Therefore, ordinary heating pads were placed on the hips. 
It is evident that even this kind of passive warming is able to 
improve the performances as shown in table 1. 



The effect of a lower body temperature was investigated in the 
next experiments. To lower the body temperature the subjects 
(L. ^M. and A. J.) stood 12 — 15 minutes in the swimming pool 
(21° C). The results achieved are shown in table 1 in which is 
clearly demonstrated that the lower body temperature before 
swimming deteriorates the performance. 

Asmussen and BoJE (1945) assumed that the muscle tempera- 
ture plays a more important role for the improvement in work 
capacity than does the rectal temperature. 

In table 3 we see the results of experiments made on L. M., 
swimming 400 m crawl, muscle temperatures taken from M. 
deltoideus, and A. J. swimming 200 m breast-stroke, muscle 
temperatures taken from M. triceps and M. rectus femoris (aver- 
ages of 3 experiments). As usual in this work the temperatures. 
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Table 3. 

The increase in rectal and muscle temperatures and improvement in 
lime after warming by preliminary work and in turkish bath. 


Subject 

Method for 
warming 

Rectal 

temp. 

M. del- 
toideus 

M. tri- 
ceps 

M. rec- 
tus f. 

Im- 
prove- 
ment in 
time in % 

© O 

n p 
*• • 

P 

9 

“Con- 

trol” 

P 

9 

2 ® 
© © 

*3 P 
i 

4 

© 

E3 

“Con- 

trol” 

J 

S 

L. M. 

Turkish bath 

36.7° 

37.8° 

36.8° 

37.5° 





1.4 

1 > 

Preliminary work 

36.8° 

37.2° 

37.2* 

37.6” 

— 

— 

— 

— 

2.4 

A. J. 

Turkish bath 

37.0° 

37.8° 

— 

— 

36.0° 

37.8° 

36.6° 

38.1° 

3.9 

> > 

Preliminary work |36.9° 

37.3° 

— 


35.9' 

37.9° 

36.4° 

37.9° 

3.3 


listed in the table are measured immediately before swimming, 
i. e. 10 minutes after warming. After swimming tbe muscle tem- 
peratures were determined again and they showed an increase in 
"control” condition by — 0.1 — 1.6° C whereas after swimming 
in “warm” condition the increase was — 0.2 — 0.6° C. The rectal 
temperature showed an increase of 0.1 — 0.4°C after swimming 
both in "control” and "warm” conditions. 

As may be seen from table 3 the temperature of M. deltoideus 
in "warm” condition was only 0.3° C higher than in the "control” 
condition. That raises the question as to whether the higher muscle 
temperature before swimming has a beneficial effect on the out- 
come. To solve this problem we let the muscle temperature drop 
after warming in the turkish bath (56° C 15 — 18 minutes) until 
it was on the same level or even 0.3° C lower than the correspond- 
ing muscle temperature in the "control” condition. We know that 
the muscle temperature first drops abruptly but later on rather 
slowly. In our experiments it took about 60 (L. M.) to 80 (A. J-) 
minutes before the muscle temperature reached the "control 
level. During this time the subject sat in a chair with the ther- 
moneedle in the muscle. The rectal temperature remained even 
after this time about 0. 4° 0 higher than the rectal temperature in 
a "control” condition. The results showed an improvement of 
1.2 and 4.3 per cent (averages of 4 experiments). 

After every experiment the pulse rate was counted. It showed 
a constant increase in "warm” condition of 12 (L. M.), 9 (A. T.) 
and 11 (A. J.) beats per minute as compared with corres- 
ponding values after "control” experiments (averages of all 
experiments). 
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Conclusion and Discussion. 

It is clearly demonstrated by the experiments on the preceding 
pages that a high body temperature before swimming facilitates 
the performance. Likewise it has been demonstrated that a low 
body temperature has the contrary effect, i. e. the results dete- 
riorate. I could record no difference between the active warming 
of the organism by preliminary work and the passive warming 
of the organism by hot baths, radio diathermy and turkish baths. 

The answer to the question as to whether it is the higher blood 
temperature or muscle temperature, which is essential for improv- 
ing the performances in swimming, is that it seems to be the blood 
temperature. 

The ways in which the higher blood temperature may influence 
the ability to perform work is still open to discussion. 

Zuntz and Loewy (1901) state that the higher body tem- 
perature is an advantage to the body since it increases the velocity 
of reactions and so benefits the performance of the work of the 
organs. Bard (1941) makes the same assumption with the addition 
that the circulatory and respiration activity is aided by this 
change. 

Nielsen and Hansen (1937) found that after heavy prelimi- 
nary work a subject could take up more oxygen in a final spurt 
than when the same work had been begun from a resting condition. 
This effect is ascribed by them to the increased circulation rate 
reached in the preliminary work. In our case this effect is quite 
probable as the pulse rate was constantly higher after swimming 
in "warm” condition as compared with the pulse rate after 
swimming in "control” condition. Unfortunately there were tech- 
nical difficulties which prevented us from determining oxygen 
consumption during and after swimming, which should otherwise 
have been very desirable. 

The problem of the influence of higher body temperature on 
blood sugar content is quite controversial. Authors such as Noel 
Paton (1894), Senator (1909), Holly and Oppermann (1913), 
Weyl (1929), BaEFERTY and Mao Lachlan (1943) state that 
an increase in body temperature calls forth a rise in blood sugar 
content. 

The opposite is shown by the experiments of Lepine and Bou- 
lud (1910) who found no changes in blood sugar content by 
increased body temperature. Schwarz and Kaspar (1927) sum- 
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marize their results by stating that the increase in blood sugar 
content is by no means due to changes in body temperature and 
that it seems rather to be a symptom of increased metabolic 
processes. Christensen (1931) found an increase of blood sugar 
content after muscular work had ceased, but a correlation between 
body temperature and blood sugar content is denied. 

When considering the effects of higher body temperature on 
hormonal processes the work of Saito (1928) is worth mentioning. 
He found that by heating dogs until their rectal temperature 
exceeded about 41° 0 the velocity with which epinephrine was 
liberated increased notably, i. e. about seven times that during 
the rest spells. The after-action is stated as "fairly-long”. Gell- 
horn and Feldman (1943) assert that heat acts on both vago- 
insulin and sympathetico-adrenal systems but the predominant 
effect is on the former. 

Of special interest for this discussion is the work of Barcroft 
and King (1909) who have demonstrated that oxyhaemoglobin 
is dissociated faster and more completely when the temperature 
of blood and muscles is increased. The same effect accounts for 
the dissociation of myoglobin, although the temperature depen- 
dency is somewhat smaller than in haemoglobin, as was stated 
by Theorell (1934). 

I conclude that the higher blood temperature before swimming 
improves the results. It seems to be quite probable that this 
beneficial effect is due to the increase in the velocity of reactions 
(circulatory, metabolic and hormonal), but I am not in position 
to demonstrate it more comprehensively. The muscle temperature 
increases after swimming but the higher muscle temperature 
before swimming shows no special effect on the outcome. 


Summary. 

The effects of the higher body temperature on performances 
in swimming have been investigated. 

The experiments showed that: 

1) A given distance could be swum in a shorter time when the 
organism was warmed previously. 

2) Both — active warming by preliminary work and passive 
warming by hot baths, radio diathermy and turkish baths 
had the same beneficial effect. 
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3) The increased rectal, i. c. blood temperature, before swimming 
seemed to be more essential for improved results than the 
increased muscle temperatufe. 

4) The duration of the influence of warming was at least 60— SO 
minutes. 

5) It is quite probable that the beneficial effect of higher body 
temperature is due to the increase in the velocity of reactions. 

The writer' is indebted to Ants Juurup for technical assistance. 
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During an investigation of human fats considerable technical 
difficulties appeared in the determination of the melting points. 
When the common methods were used, the results were in many 
cases not reproducible within several degrees centigrade. In this 
paper the physical properties of the fats will be the main subject 
discussed — technical arrangements for heating, measuring of 
temperature etc. will only be treated briefly. 

The melting point of a pure substance is the temperature at 
which the substance can exist simultaneously as a solid and as a 
liquid. 

Natural fats are never pure substances, they are mixtures of 
different triglycerides, often also containing free fatty acids and 
other lipid substances. It is very improbable that the components 
in any fat are present in just those proportions which make up 
an eutectic mixture. Disregarding this special case, which will 
perhaps never occur, the natural fats will have a certain "melting 
range” instead of a “melting point”. The term "melting point” 
of fats may be used as a designation for the upper limit of the 
melting range, i. e. the lowest temperature at which all the fat 
is liquid. Correspondingly, at the lower limit of the melting range 
all the fat is solid. Between these two end points liquid fat and 
solid fat are present simultaneously. 

A large number of methods have been developed for the prac- 
tical determination of the "melting point”, which means the 



MELTING POINTS IN HUMAN FATS. 


Ill 


upper limit of the melting range or a point near this. In most 
fats this point is relatively easily determined. The methods 
described in laboratory manuals etc. will most frequently appear 
to be satisfactory. The “melting point” can usually be reproduced 
within some tenths of a degree. 

The “melting point” is defined in different ways according to 
the method used. It may be e. g. the temperature at which the 
fat sample, by heating becomes totally clear and transparent 
(clear point, point of complete fusion), or it may be the tempera- 
ture at which a droplet of fat in a capillary tube begins to move 
under the influence of the force of gravity or another force ( e . g. 
a certain water pressure), or it may be the temperature at which 
the fat which adheres to a cold thermometer, dipped into a melted 
fat, assembles to a drop and drips off. Numerous methods using 
these principles have been developed and described. It must be 
pointed out that the first principle, the use of the point of final 
melting, is the real upper limit of the melting range. Other, em- 
pirical, methods, which use the relatively rapid change in vis- 
cosity near this point, will give a "melting point” that in most 
cases will be somewhat lower. 

When the writer tried to apply on human fats the methods, 
which are characterized by changes in the viscosity of the fat, 
it appeared that the variations in the results, when making parallel 
determination on one and the same sample, were always so large 
that no constant value could be reached. The variations were 
often several degrees, in many cases even more than five. 

The “clear point” gave in some cases good and reproducible 
results, but in many samples the melting point reached was very 
sensitive to variations in the heating velocity and the time the 
samples had been cooled. In others it was difficult to observe 
the point when the sample was completely transparent. A very 
vague opacity remained through a range of several degrees, and 
it was often difficult to observe the point when it had disappeared 
completely. 

It was of interest to know whether the melting point should be 
fixed as the temperature at which only a hardly visible opacity 
was left, or as the temperature several degrees higher where even 
this minute trace of dimness had gone. In order to decide this 
question it was of interest to follow more exactly and quanti- 
tatively the changes during the melting process. 
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The Dilatometric Method. 

The best method for following the melting process quanti- 
tatively is to observe the changes in volume which appear during 
the change from one state to another. Hofgaard (1938) developed 
a method which permits a quantitative dilatometry of fats, which, 
better '.than other dilatometric methods, permits an approximate 
calculation of the proportions of the fat which are present as 
solid and as liquid respectively at any point of the melting range. 

The dilatometer and the use of it is described by Hofgaard 
(1938) and will not be treated here. Hofgaard always calculated 
the results as the specific volume of the fat, and the values were 
plotted in a diagram against the corresponding temperatures. 

The use of the method is most easily understood if we regard the 
schematic diagram in fig. 1. 

The curve A — B — C — D represents the specific volume-tem- 
perature diagram of a certain fat. At the low temperature, T A , 
all the fat is solid. The fat, like other substances, expands by a 
rise in temperature, and the expansion is proportional to the 
temperature increase, i. e. the part A — B of the curve is a straight 
line. At the point B the fat begins to melt: The curve makes a 
bend, and the part of the curve which now follows, B — C, shows 
the melting range. At C all the fat is fluid, and from this point 
on the curve is once more linear (C — D), representing the expan- 
sion of the fluid phase. The part B — C needs not be linear, its form 
depends upon the components of the mixture. 

The temperature range T B — T 0 represents the melting range 
of the fat in question. A pure fatty acid melts at a constant tem- 
perature, and if the melting point is T 0 the dilatometric diagram 
will have the course A — B — C' — C — D. At temperatures lower 
than T c all the fatty acid is solid, at higher temperatures it is all 
fluid. 

The proportions of solid and fluid phase may be approximately 
calculated "for any point of the curve, because different triglycer- 
ides have not very different expansion coefficients. (The more 
exact treatment, which pays attention to differences in the ex- 
pansion coefficients, is given by Hofgaard. For the present 
reasonings this is not necessary.) 

A curve representing the expansion (specific volume) of the 
solid fraction above the point B, where melting begins, is repre- 
sented by the dotted curve B — C', and the specific volume of the 
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Pig, 1. Schematic diagram illustrating the relation between volume and tem- 
perature in fats. A — B gives the dilatation of the solid fat, JB— C the melting 
range, and C — D the dilatation of the fluid fat. 


fluid fraction below C is represented by tbe dotted curve B'— -C. 
For a point, x, in tbe curve, tbe ordinate x — y represents tbe solid 
fraction, tbe ordinate x — z the fluid fraction. 
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A fat which, consists of glycerides of not very different nature 
e. g. of stearic and palmitic glycerides, will have a narrow melting 
range. Fats which in addition to glycerides of high melting point 
also contain a considerable quantity of low melting components 
will generally show a wide melting range. 

If the line B — C meets the straight line B' — C — D at a rela- 
tive large angle, we see that even at a temperature very near to 
the T c there is a relative large proportion of solid phase. If B — 0 
and B' — C — D form a very small angle the proportion of solid 
phase is very small even at some distance below T c . In the case 
first mentioned, which is found e. g. in coconut oil, the top end of 
the melting range is easily determined by the “clear melting 
point”, there are no difficulties in observing the melting of the 
solid phase, the sample turns from opacity to absolute clearness 
within some tenths of a degree. The other possible "constants”, 
viz. “softening point”, “slipping point” etc., which depend upon 
a certain low viscosity of the fat, are found near to the clear 
melting point and are relatively well defined. 

On the contrary, when only a small amount of solid phase is 
present even at some distance below the T c , it is much more diffi- 
cult to observe the point at which the last, hardly visible, opacity 
disappears. Even at several degrees below the T 0 the fraction of 
solid phase is so small that the fat can form drops or move in 
a capillary under the influence of gravity. Further, the change in 
viscosity per degree is small, and consequently the position of 
"constants” that depend upon the viscosity is badly fixed. 

In these relations we find the explanation of the impossibility 
to determine “melting points”, dropping points, etc. in human 
fats, and the difficulty to observe the exact clear melting 
point. 

The diagram in fig. 2 gives an example which demonstrates 
these properties in a sample of human fat. The diagram shows 
the point for total transformation to fluid phase (T c ) at ca 36.6° C. 
The clear point was 36.4° C when determined according to the 
technique described below. 

Further the diagram shows that near the top end of the melting 
range very small fractions are present as solid phase. At 6° C 
below the upper limit of the melting range about 3 per cent of the 
total fat is present as solid. For comparison can be mentioned that 
in coconut oil 3 per cent are present as solid at about 0.3° C below 
the T c point. 
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Fig. 2. Dilatometric curve of a sample of human fat. For comparison a curve 
for coconut oil is quoted from Hofqaaed (1938); 


In all the samples of human fats investigated in this way such 
good agreement was found between the upper limit of the melting 
range and the clear melting point when this last value had been 
determined according to the authors method. The difference was 
always less than 0.5° C. In this way it was demonstrated that the 
9 — $62524. Acta phys. Scandinav. Vol. 12. 
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“clear melting point” observed is really identical with the ther- 
modynamically fixed upper limit of the melting range. 

The dilatometric method is unfortunately very c umb ersome 
and too complicated for being commonly used in determinations 
of melting points of fats. The method requires too much effort and 
time. 

The diagram in fig. 2 is incomplete in the lower part. There are 
two reasons for this. The laboratory had no equipment for ar- 
ranging thermostates at temperatures much below 0° C. The low 
temperature of — 21° C was produced by mixing salt and ice in 
a big Dewar bottle, here the temperature kept constant for three 
days. Another reason for the incompleteness of the lower parts of 
the curve is the tendency shown by the fats to form instable modi- 
fications. During the rapid cooling of the dilatometer the fats 
solidify in unstable modifications, which only slowly turn into the 
stable ones. A constant volume at a givpn temperature is not 
reached before the thermodynarriic equilibrium at the tem- 
perature in question is reached, and at the lower temperatures 
this may require a very long time. Considerable contractions will 
often appear in the first days after a rise in temperature. This is 
due mainly to unstable modifications, which expand by "melting” 
and contract again when recrystallizing in a stable form. During 
the experiment the dilatometer must be kept at each temperature 
for at least one or two days, and if definite alterations have ap- 
peared it must be kept at the temperature until the alterations 
are inconsiderable. If the alterations are only small it may be 
regarded as legitimate to raise the temperature even if an abso- 
lutely constant volume is not reached. The isothermic “after- 
contractions” often necessitate a very long time for completing 
a single experiment. The experiment given in fig. 2 required about 
3 months. As an example can be mentioned that the sample 
showed a contraction at 10. GO 0 C which had not ceased after 
20 days. The writer had not sufficient patience to wait any longer, 
especially since the curve above 30° C was of most interest. At 
the temperatures near the top of the melting range the allotrope 
transformations go much faster, and are not a hindrance to the 
relatively rapid performance of the dilatometric experiments. 
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Tlie Determination of the “Clear Point”. 

In the following the technique developed for determination of 
the clear melting point of human fats will be described. Some 
details of the melting process will be discussed, details which are 
of importance in relation to the tendency the fats have to attain 
only slowly the most stable condition at the temperature in ques- 
tion. It is of importance to know these properties and to make clear 
their influence upon the melting point determinations. 


Technique. 

The fats for melting point determinations were obtained from rela- 
tively small tissue samples. About 1 gram (or more) of adipose tissue 
was cut finely and ground with quartz sand. It was mixed with water 
in a centrifuge tube, heated in a water bath, and then centrifuged hot. 
The separated fat was pipetted into another centrifuge tube and after 
adding some water-free sodium sulfate it was centrifuged once more. 
The pure fat was sucked into a capillary of about 2 mm diameter, which 
had been drawn out into a fine tip. The tip was sealed by touching a 
gas flame. 

The fat was cooled by putting the capillary into a mixture of alcohol 
and C0 2 -ice (about — 70° C). When a number of tubes had been pre- 
pared they were, still left in the cooling mixture, put into the ice-chest 
at ca — 5° 0. Here the samples gradually attained the temperature of 
the ice chest, where they should remain for at least one day. 

The melting point determination was carried out in a beaker filled 
with water of 0° 0. The melting point tubes were attached to the beaker 
by means of some suitable adhesive (plastiline). The water was mixed 
by a stream of large air bubbles, this is much more convenient than 
stirring by hand. The water was heated slowly by a micro gas burner 
near the melting point very slowly, not more than 0.5° C per 
minute. 

Some of the samples of human fats had melting points near 0° 0. 
Their melting points were determined in an alcohol bath cooled with 
C0 2 -ice. Owing to the low specific heat of alcohol, the bath attained the 
temperature of the laboratory air so rapidly that no other heating 
device was necessary. 

The difficulties in observing the small changes in the transparency 
of the samples near the melting point was overcome by strong side 
illumination against a dark background. 

As demonstrated above the point where the last traces of visible 
opacity disappear from the sample is the real “melting point” of the 
fat and identical with the upper limit of the melting range of the fat 
in question. 
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The procedure described takes into consideration some relations 
which ought to be treated in some detail. 

A given sample of melted fat can be regarded as a solution of 
high melting glycerides in low melting glycerides. When the 
mixture is slowly cooled, a certain point will be reached where the 
solution is saturated in respect to the high melting fraction. A 
further cooling will bring about a separation of a solid phase. When 
the cooling is continued, the crystals grow larger, other compo- 
nents separate, and at last the total fat has solidified as hetero- 
geneous crystal masses. 

If a sample cooled in this way is heated again at the velocity 
commonly used in melting point determinations (continuous 
heating, about x / 2 ° C per minute), we will have the following con- 
dition near the top end of the melting range. The fluid phase is 
nearly saturated with the solid phase, which dissolves in the fluid 
more and more during the heating. A certain rise in temperature 
gives a certain increase in the unsaturation of the fluid in respect 
to the solid. The crystals dissolve, but because they are large and 
have a relatively small surface the procedure is very slow. The 
heating is continuous, and before the large crystals have dis- 
solved totally, the temperature may have risen several degrees. 
In the most extreme case the crystals do not dissolve at all, and 
the sample becomes transparent only when the crystals them- 
selves melt. In this case we observe the melting point of the 
primarily separated crystals as the melting point of the sample. 

If the sample is cooled very rapidly the fats separate as a 
micro-crystalline mass. During the heating, the solid particles 
will readily dissolve in the fluid until the equilibrium at the 
temperature in question is reached. Therefore, near the top of 
the melting .range, the solid microcrystals will in a very short 
time dissolve in the fluid, the real equilibrium is reached almost 
simultaneously with the rise in the temperature, and at the top 
end of the melting range the correct melting point is observed. 

In these relations we find the explanation of the necessity of 
a rapid cooling of the samples. In most methods for melting 
point determinations a cooling to 0° C is prescribed. This is in 
no way sufficient for samples of human fats. They have mostly 
a wide melting range, and only those which have high melting 
points will solidify to a sufficiently high degree at this temperature. 

As described above, the samples were cooled at — 70° C. At tins 
temperature the fats have a considerable tendency to separate in 
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unstable modifications. If the melting point is determined im- 
mediately after the cooling, a too low melting point will be found. 
This is due to the lower melting point of the unstable modifi- 
cations. Perhaps also amorphous (“glass}'”) modifications can 
appear, these are not crystallised at all and “melt” below the 
melting point of the crystalline modifications. 

Therefore the sample has to be stored for at least one day at 
0° C. At this temperature a large part of the unstable modifi- 
cations transform to the stable ones, and probably also the 
"glassy” solid turns into more stable crystalline forms. It is not 
necessary that all the fat is transformed into the stable modi- 
fications before the heating for melting point determination 
begins. 

Further the polymorphous phenomena are less pronounced in 
fats of heterogeneous composition, i. e. containing widely differ- 
ent glycerides, such as human fats mostly do. They are extremely 
pronounced e. g. in cocoa butter which has a relatively very simple 
glyceride structure. Further the alloirope conversion takes place 
at a more rapid rate at higher temperatures. In the fat sample 
investigated in fig. 2 (melting point 3G.5° 0) these conversions 
could not he followed by the dilatometric method above 23° C. 
If there were any, they had gone to an end before temperature 
equilibrium was reached in the dilatometer. Near the melting 
point the conversions go so rapidly that they are of no importance. 
It is only of importance that the major part of the fat is not 
present in the unstable condition when the heating begins, in 
this case a too low melting point cannot be avoided when heating 
at a tolerable rate. 


The Solidifying of Fats. 

The thermodynamic equilibria are reached very slowly at low 
temperatures because of the slow conversion of the unstable 
modifications. At high temperatures the thermodynamically 
stable condition is reached rapidly when the temperature is rising. 
On cooling, on the contrary, the thermodynamic equilibrium 
will often be reached only after a very long time even when the 
temperature is high. This is due to the low tendency of the fats 
to separate out from mixtures. When a fat is cooled down to a 
temperature just below the melting point, it may keep fluid for 
a very long time. 
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Pig. 3. Crystals appearing in a melting point capiUary kept moderately cooled 
during a period of several -weeks. 

The “solidifying point”, the temperature at which the solidi- 
fying begins when .the sample is cooled is always found to be lower 
than the melting point. The two constants represent the same 
thermodynamic equilibrium and ought to be the same if time is 
given for adjustment of the equilibria. 

The "solidifying point” observed depends upon the time and 
rate of cooling, and if this constant shall be of use, the experi- 
mental conditions must be very well fixed and constant from one 
determination to the other. This "constant” gives a certain in- 
formation concerning the tendency of the fat to tolerate under- 
cooling without separating solids. 

The human fats possess a considerable tendency not to solidify 
when moderately cooled below the melting point. A determina- 
tion of the “solidifying point” will always differ several degrees 
from the melting point when it is determined according to the 
common methods, it can even differ ten degrees or more. 

That the solidifying point is really identical with the melting 
point was demonstrated in the following way. Tat samples were 
placed in closed ampoules in thermostats, each of them at a 
temperature only some tenths of a degree (not more than 0.5° C) 
below the melting point found for the sample in question. In all 
the cases crystals separated in the fat after some time. Among 
the 25 samples investigated in this way no one was found in which 
crystals did not separate out, but it required long time, in some 
samples more than a month was necessary. 

The appearence of such a sample is shown in fig. 3. The crystals 
do not disappear when the sample is heated a little again. When 
the rise in temperature is only moderately above the melting 
point, very long time is needed for the redissolution. Probably 
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this solid fraction is the same as that which is present in the 
microcrystallinic state in a sample just below the melting point 
when this constant is determined as described above. 

When a sample to be used for melting point determination is 
only cooled to 0° C, relatively large crystals, similar to those here 
described, can separate. The) r will prevent the accurate deter- 
mination of the melting point. 


Summary. 

The “melting point” of fats generally means the upper limit of 
the temperature range through which the melting of the fat takes 
place, or, when determined according to empirical methods, 
a point very near this. 

When the melting point of human fats were determined ac- 
cording to the common methods the results were not repro- 
ducible. 

Therefore the melting process was investigated by following 
the changes during the melting process in some samples of human 
fat. It was found that the difficulties in the determinations on 
human fats were due to the characteristic that even several 
degrees helow the real clear point only a very small fraction of 
solids is present. A fat as c. g. coconut oil has 3 per cent solids at 
0.3° C below the upper limit of the melting range. In a human 
fat the solid fraction of 3 per cent was present at 6° C below the 
upper limit of the melting range. This means that the viscosity 
of this fat is low, even at a considerable distance below the "clear 
point”. Therefore the empirical “constants” which are charac- 
terized by a certain low viscosity of the sample, viz. the softening 
point, the slipping point etc. are found far from the clear point 
and varying much with small variations in the external con- 
ditions. 

When a sample of human fat to be used for melting point 
determination solidifies at 0° C heterogeneous crystals separate, 
which can produce large errors in the observed melting point. 
To avoid this the sample must be rapidly cooled down to an 
extremely low temperature (—70° C). In this way the fat solid- 
ifies as a microcrystalline mass which makes possible a rela- 
tively exact observation of the clear point. It was, by comparing 
wit the dilatometric method, demonstrated that the clear point 
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determined according to the author’s procedure is really identical 
with the thermodynamically fixed upper limit of the melting 
range. 

The tendency of the fats to form unstable modifications with 
low melting points is discussed. Further it is demonstrated that 
srom a thermodynamical point of view the melting point and the 
folidifying point are identical. 

I wish to express my most sincere thanks to dr. Hofgaard 
for his advice and assistance. 
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During physiological investigations in relation to househeating 
problems (Nielsen, 1946) it was found that the temperature of 
the extremities of man was often surprisingly low. 

When the persons studied sat in a room of normal temperature 
(18° C) the temperature of the skin on the foot might very well 
sink to about 20° C — 25° C. In spite of that the persons in ques- 
tion did not feel cold- 

Previous investigations have shown definite relations between 
the characteristics of fats and the temperature at which the ex- 
perimental animal lived (Henriques and Hansen, 1901). In this 
connection it would be of interest to know whether the low tem- 
peratures which often occur at the feet of human beings also in- 
duce low melting points in the subcutaneous fat. 

The fat samples examined were taken from fresh material at 
The Institute of Forensic Medicine, The University of Copenhagen. 
The causes of death were traumatic or in some cases diseases of 
short duration. 

Certain difficulties appeared in the .melting point determina- 
tions. Most of the standard methods described in the literature 
gave results which were not reproducible. 

The theoretical relations of the melting process of fats are dis- 
cussed in another paper, in which also the method developed for 
melting point determinations in human fats is described (K. 
Schmidt-Nielsen, 1946). 
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Melting Points of Fat from Yisceral Organs, 
Head, Arms and Legs. 


Fat samples were taken from different places of the subcutis 
and visceral organs in five persons. 

In the individual person the melting points of the fat from the 
different visceral organs were always about the same. The differen- 
ces were only some few tenths of a degree. It is a common con- 
ception that the fat from the kidney capsula has an especially 
high melting point. As compared with fat from other visceral 
organs of the same person this was not the case, as compared with 
subcutaneous fat it was higher. 

In the different persons the melting points from the viscera 
varied from 32.6° C — 36..G 0 G. The subcutaneous fat from the 
front of the abdomen varied in the same five persons from 31.7° C 
—34.9° C. 

About the same melting points were found in fats from the 
upper edge of the sternum, between the shoulder-blades, and at 
the arm at m. triceps. At the elbow the melting point was some- 
what lower. It was impossible to obtain samples from the back 
of the hand, in samples from the inside of the hand the melting 
points 19.8° C — 2G.8° C were found. From the head samples were 
taken only at the temples just below the hair border. Here the 
melting points were from 31.4° C — 34.2° C. Tins is considerably 
higher than in other peripheric parts. 

In these five persons only few samples were taken from the legs. 
In three of the cases samples were taken from the inside as well as 
the outside of the ankle. The following melting points were found: 


Ankle, inside 
13.5° C 
25.0° C 
13.9° C 


Ankle, outside 

11.9° C 
21.3° C 
9.6° C 


In these three cases the melting point is lower at the outside. 
This can possibly be put in relation to the fact that the large 
blood vessels to the foot pass down at the inside, while the out- 
side is not well supplied with large vessels. To control if the tem- 
perature is generally higher at the inside, the temperature was 
measured at the ankles of several persons. The temperature of 
the skin was measured by means of thermo-elements, 2 cm below 
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the malleolus, simultaneously at the inside and the outside. This 
place corresponds to the place from where the fat samples were 
taken. 

If the feet of the person in question were warm, there was no 
difference in the temperature of the skin at the two sides. If the 
feet were cold, the inside was always warmer than the outside. 
The difference was in many cases 1 — 3° 0, hut also larger dif- 
ferences were found. An exact determination of the differences 
which commonly occur require more systematic investigations. 

Melting Points of Fats from the legs. 

Samples were taken from the subcutis at different places at the 
lateral side of the legs from 15 persons. For comparison samples 
were taken from the omentum and from the abdominal subcutis 
in the same persons. The samples were designed by the following 
numbers: 

No. 1. Omentum. 

No. 2. Abdominal subcutis, near the umbilicus. 

No. 3. 15 cm below the iliac crest. 

No. 4. At the middle of femur. 

No. 5. Outside the knee-joint. 

No. 6. At the middle of the calf. 

No. 7. Below the lateral malleolus. 

No. 8. At the joint of the big toe. 

The total material investigated is given in the graph on page 
126. 

The most striking result is that the melting points of the fat 
samples are very varying. In the different persons as well as in 
the individual person the variations are very considerable. The 
highest melting point observed was 41° C, the lowest 0.6° C. In 
the individual person the variations may reach about 30° C. 

In all the 'persons lower melting points were generally found in 
the most peripheric parts. 

In the graph the men and the women are treated separately. 
The individual variations are too large for finding any difference 
according to sex or any other classification. 

In all the persons (except the person 0, who will be mentioned 
in detail below) the melting points in fat from the omentum and 
from the abdomen were about the same, about 30° C. The melting 




Melting points in fat samples from IS porsona. Tho individual porsons aro designated by alottor, tho ago, and the sox. Tho molting points nro givon along 
tho ordinate. Tho single samples aro designated by numbors 1 — 8, namoly: 1 = omentum; 2 = abdominal suboutis; 3 = 15 cm below tho ilino crest; -1 = tho 
middle of femur; 5 = outsido tho lmoo-joint; 0 = tho middlo of tho calf; 7 = bolow tho lateral malleolus; 8 = tho joint of tho big too. 
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point may be lower at tlie abdomen tban in the omentum. At tbe 
leg tbe melting points are mostly somewhat lower, and at tbe foot 
much lower melting points are often found. Tbe lowest melting 
points are found at tbe lateral malleolus, tbe melting point at 
tbe big toe is generally somewhat higher. These low melting fats 
must be characterized as oils, they may even have so low melting 
points that they may be kept in tbe ice chest without solidifying 
or even without appearance of the slightest opacity (person C). 

One of the persons gave results which were markedly different 
from those found in the other persons. This man (marked 0 in 
the graph) was a marine stoker, D2 years old. In this man all the 
melting points were extremely high. The highest value was 41° C, 
although in the other persons no value higher than 34° 0 was 
observed. The sample taken at the ankle gave 34° C, this place 
gives otherwise the lowest melting points. The sample from the 
big toe gave 22.3° C. 

One cannot avoid to put these results in connection with the 
high temperatures at which this man had spent much of his time. 
As well known a marine stoker works at high temperature, and 
is in addition exposed to intense heat radiation. It would be 
very interesting to investigate further material of this character 
and decide if this exception from the general results really is caused 
by the extreme conditions during this man’s daily work. 

Another possibility to investigate if the temperature of the 
skin directly influences the melting point of the subcutaneous fat 
might perhaps be found in a certain group of neurasthenic per- 
sons. In many such patients one of the legs is always colder than 
the other, and the difference may be very considerable. If lower 
melting points are found at the cold leg, we can conclude that the 
melting point of human fats are influenced by the temperature 
of the tissue and not only by food or metabolic relations. 

Discussion. 

Henriques (1902) showed that the melting point (in fact the 
solidifying point was measured) in the subcutaneous fat from the 
pig is lower immediately under the skin, and that the melting 
point increases uniformly with increasing distance from the sur- 
face. Temperature measurements in the living pig also gave an 
increase from the surface inwards. Henriques made an experi- 
mental verification of the influence of the temperature upon- the 
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melting points. Fat from animals who had lived for two months 
at 30° C — 35° C had a higher melting point (24.2° 0) than that 
from animals at 0° C (melting point 22.8° C). Animals which lived 
at the low temperature, but were sewed in into sheepskin gave 
the highest melting point (25.2° C). The food had been the same 
in all animals, and the melting points in the fat from the viscera 
were the same in all of them. 

S. Schmidt-Nielsen and Espeli (1941, a and b) investigated 
the marrow fat from os, pig and reindeer. In the hind leg of the 
ox the melting point of the. marrow fat were: 49.5° C in the femur, 
40.4° C in the calf, and liquid in the foot. In the fore leg the melting 
point were similar, namely: 49.0° C, 40.0° C, liquid. The relations 
in the reindeer were similar to those in the ox. In the pig the rela- 
tions were different. The melting points found in the same bones 
were 45.0° C — 45.5° C — 45.7° C in the hind leg and 45.1° C — 
45.5° C — 45.6° C in the fore leg. 

It is reasonable to put these results in connection with the 
temperature relations. In the pig the leg is short and the sub- 
cutaneous fat goes far down on the foot. One might expect that 
the temperature in the inner parts (the bones) does not sink much 
below the normal body temperature. The ox, on the contrary, 
has a relative long leg which is not protected by subcutaneous fat 
layers. One might expect that the temperatures in the periferic 
parts may easily sink considerably. The melting points found in 
the marrow fats in swine and in ox agree well with this assump- 
tion. 

These findings, in connection with the demonstrated possibility 
of influencing the melting points of the fats by temperature 
changes (Henp.iques), give much support to the supposition that 
the melting points in human subcutaneous fats are really influen- 
ced by the temperature. 


Summary, 

Melting point in human fats varied between 41° Cand0.5°C. 
The largest variations in the individual person was about 30° C. 

The melting point of visceral fat was 30° C — 35° C. In the 
more peripheric parts the melting points were lower. At the foot 
melting points of from 0° C — 10° C were often found, in 11 out 
of 15 persons the melting point was below 10° C. 
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Measurements of the temperatures at men’s feet show that low 
temperatures often occur. Since Henri "juns experimentally de- 
monstrated the connection between temperature and the melting 
point in subcutaneous fat, it can be supposed that the tempera- 
ture at men’s feet influence the melting point of the fat. 

One single person was examined in whom the results were 
widely different from the others. He was a sea stoker, exposed 
to high temperatures in his daily work, and all the melting points 
observed in this man were extremely high. 
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In this series of investigations into the collapse problem the 
central vascular area (the heart; the aorta and vena cava with 
their largest branches) was studied with two methods: a modified 
Welcker method (Sileverskiold 1938) and a roentgenological 
method (Silfverskiold 1938, Hemmingsson and Sileverskiold 
1940, Holmgren and Sileverskiold 1946). The area showed 
very considerable volume variations with the two procedures: both 
are, however, somewhat indirect. 

The thoracic vessels axe practically inaccessible to inspection, 
but the abdominal vessels can be examined directly and in the 
present work the reactions of the abdominal vena cava were in- 
vestigated in this way. 

Method: Babbits were narcotized with urethane. A glass catheter was 
filled with heparin and inserted into the jugular vein. The abdomen 
was opened in the ipedian line, and the intestines pushed aside, so 
that the vena cava could be studied. The catheter was now pushed 
down through the vena cava to the part which was to be studied, i. e. 
somewhat below the liver. 

In its upper part the vena cava is a very big vessel. In rabbits weigh- 
ing 2.5 kg the diameter of vena cava is about 8 — 9 mm between the 
points of entry of the kidney veins. Higher up it becomes wider, down- 
wards it is much narrower. The calibre variations in a relatively wide 
portion of the cava were the most interesting from my point of view. 

The width of the vena cava can best be measured when the vessel 
has been freed from the peritoneum, but it can also be studied with the 
vessel in situ. It is always preferable not to do much dissecting in the 
neighbourhood of the veins, as they arc very sensitive to irritation and 
constrict very inconveniently. All preparations have to be made care- 
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fully, since rabbits ate vety exposed, to shock from the abdominal 
operation, and, as described lower down, the cava becomes narrower 
as a result of this kind of shock. 


Hemorrhage. 

Two series of investigations were made. In the first of these 
8 rabbits were subjected to a considerable hemorrhage through 
a cannula in the carotid artery. The arterial pressure fell after a 
relatively small loss of blood, and somewhat later the venous 
pressure began to fall as well. 

The reduction of the cava pressure was never great, however; 
after a relatively severe hemorrhage, the decrease in pressure was 
about 2 cm H 2 0. (The rabbits were probably in a "subshock” 
condition before the bleeding, due to the abdominal operation, 
and therefore they could not stand any very great loss of blood.) 
Simultaneously with the fall in venous pressure the calibre of the 
vena cava decreased, and when the venous pressure had reached 
its lowest point, the vena cava had become markedly narrower: 
4 — 5 mm in the part where its width had previously been 8 — 9 
mm. This of course implies a very considerable reduction of the 
volume. 

The reduction is not caused by simple collapse of the cava, as 
could be shown in two ways. The first was to produce a stasis by 
compression of the cava higher up than the part under observa- 
tion (by pressure on the liver). By this method the pressure in 
the part of the vena cava studied could be raised some centi- 
meters above the original level. In spite of this, only a very small 
dilatation of the cava followed. 

The second way was to inject saline rapidly into a femoral 
vein. This did not dilate the vessel appreciably either, although 
the pressure was increased, as with the stasis method. 

Thus the constricted vena cava could not be dilated by a 
moderate increase in its inner pressure (of short duration — about 
30 sec.). A greater increase did of course enlarge the vessel, its 
wall being quite thin in the rabbit. 

Shock. 

In this series of experiments a kind of shock was brought about 
by squeezing the intestines in 5 rabbits, prepared as in the fore- 
going scries. The arterial pressure fell quite rapidly after this 

•0 — iC'252i. Acla phps. Scandinav.Yol. 12. 
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squeezing, and the venous pressure slowly fell. The calibre of the 
vena cava diminished greatly, as in the hemorrhage experiments, 
and exactly as in those experiments, a moderate increase in the 
cava pressure did not bring about a restoration of the vessel 
volume, which was tested with stasis by liver pressure and with 
injections of saline. 

Thus this kind of shock, too, produces an active constriction 
of the cava. 

Discussion. 

Franklin and Me Lachlin (1936) showed that faradic stimula- 
tion of the thoracic part of the sympathetic chain causes a con- 
striction of the upper part of the abdominal cava and that a 
stimulation of the splanchnic nerve brings about a constriction 
of the lower part. The abdominal cava is also constricted by 
adrenaline. 

The fact that a constriction of the abdominal vena cava can 
be provoked by electrical stimulation of its nerves suggested the 
probability that the diminution in calibre due to shock and he- 
morrhage is caused by a reflex. 

Such a reflex might be released via the carotid sinus, as the 
mesenterial veins reacted to reflexes from the carotid sinus in the 
investigations of Heymans, Bouckaert and Dautrebande 
(1930), Fleisch (1930), Golt.witzer-Meier and Schulte (1931). 
Clamping of the carotid arteries, however, did not cause any de- 
finite constriction of the cava; in any case the constriction w’as 
not of the same order as in hemorrhage and shock. 

Therefore it is possible that some other mechanism is respon- 
sible for these vessel reactions — perhaps some complicated, direct 
effect of the low venous pressure on the vein wall. 

Another proof of the active nature of the calibre reduction 
was the fact that tapping of the cava with the forefinger as descri- 
bed by Franklin and McLachlin (1936) produced a prolonged 
dilatation to its original size (without any increase in the caval 
pressure). 


Summary. 

A severe loss of blood produces a great reduction in the width 
of the abdominal vena cava. 

Likewise shock caused by squeezing the intestines is followed 
by a great diminution in the calibre of the abdominal cava. 
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In both cases the width reduction was produced by an active 
constriction. 

The constriction was evidently not caused by a carotid sinus 
reflex. 
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Earlier investigations (Hemmingsson and Silfverskiold 1940; 
Silfverskiold 1938) showed that the large thoracic vessels (and 
the adjacent parts of the vessels of the neck and the anterior 
extremities) together with the heart contain a large proportion 
of the total blood of the body (about 30 % in mice, 26 % in 
rabbits). If the abdominal parts of the vena cava and aorta are 
added, the volume of the central vessels becomes still more 
striking. 

It was evident that in the animals examined the volume of 
these central vessels was approximately as large as that of all 
the abdominal viscera together and the volume variations were 
great. 

The new data afforded by these experiments lie in the quantita- 
tive results. That the heart and the adjacent vessels may decrease 
in size is known from clinical experience (orthostatic reactions, 
hemorrhage). Further information as to the reactions of the big 
vessels has been gained by experimental work (see Franklin 
1937; Sciiretzenmayer 1936; Gianturco and Steggerda 
1937). 

This investigation was carried out in order to acquire more 
detailed knowledge of the pathophysiology of the vessel reactions. 
For that- purpose we have decided to continue the study of the 
volume variations due to loss of blood and those following on an 
acute intoxication (ether). 
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Hemorrhage. 

As mentioned above, the central vessels decrease in volume 
after loss of blood. Gianturco and Steggerda (1937) state briefly 
that the big vessels are emptied by hemorrhage; the abdominal 
vessels were emptied before the rest of the circulatory system. 
Silfverskiold (1938) found that after a heavy hemorrhage, the 
quantitatively most important compensatory reduction in size 
takes place in the big vessels. Even if this were merely a passive 
adaptation to a sinking inner pressure it would be of importance 
for the compensation of the blood loss. It would be more in- 
teresting, however, if the width reduction were of an active na- 
ture. 

Method. Experiments were carried out on 11 rabbits. They were 
anesthetized with 20 % urethane injected intravenously (7 cc/kg). 
Blood clotting was prevented with heparine. A cannula was inserted 
into the carotid artery, and a catheter pushed through the jugular vein 
to vena cava superior or inferior. A special cannula was inserted into 
the pleural cavity, hermetic closure being secured by sewing the thor- 
acic muscles round it. 

The vessel reactions were studied after visualization with tliorotrast 
(thorium dioxide). 12 cc thorotrast were injected intravenously, which 
did not appear to hurt the animals. Before the injection roentgen 
photos were taken, and in several instances the big vessels were seen 
clearly enough to be compared with the contrast pictures (which were 
taken some minutes after the injection, when the venous pressure had 
returned to the normal level). In these instances it was found that the 
vessels were not dilated after the injection of thorotrast, which was 
considered to be a fact of great importance. 

The animals were bled through the artery cannula twice or more. 
At first about 1/5 of the total blood volume was taken, tbe second time 
somewhat less. As a rule the animals seemed to be moderately affected 
by the hemorrhage, and they cOuld be restored by reinjection of the 
blood. 

Result: Fig. 1 shows how strong the diminution in calibre may 
be. The aorta and the heart decrease in the first place and to tbe 
greatest extent; the vena cava sometimes only after tbe second 
hemorrhage. — Most of the pictures were taken with, the animal 
in the lateral position, which afforded the best visualization of 
the big vessels. Some roentgenograms, however, were taken with 
the animals rotated 45 degrees, in order to show that the width 
reduction was concentric (front pictures were of little values as 
the vessels were covered by the heart). 
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Fig. 1. 

n. Tho big central vessels (of n rabbit) nfter permanent visualization with a 
relatively small amount of thorium dioxide, 
b. After a hemorrhago (1/5 of the total blood volume) the heart, tho norta and 
the abdominal part of tho vena cava Jmvo decreased in size. 

The outlines of the vessels were still sharp after the hemorrhage, 
and obviously the picture of reduction in size was not the result 
of a dilution — by inflow of tissue fluid into the blood. (See also 
controls by Silpverskiuld 1946.) 

As seen in the figures, the decrease in volume also comprised 
the abdominal parts of the vena cava and aorta; the vena portae 
diminished in width iti some of the experiments, in others not. 

It was evident that the outer and inner pressure (the "pleural” 
and venous pressure) of the thoracic part of the inferior vena 
cava changed very little. Therefore the reduction in calibre of 
the vena cava is not likely to have been the result of a simple 
collapse of the vessel. The thoracic part of vena cava is provided 
with very few muscle fibres (Franklin 1933) and therefore the 
constriction in this part may be very weak. The react ions of the 
abdominal vena cava have been studied in detail by Slt/i'VKU- 
skiolu (1916). 

The inner pressures of the heart (at least that' of the ventricles) 
and of the aorta sink of course- during the hemorrhage and there- 
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liver and tlie kidney become strongly hyperemic, while tbe blood 
of tbe spleen and also of tbe mesenteric vessels decreases. This 
could be verified by quantitative measurements on mice (Silfver- 
skiold 1938). In tbe same work it was pointed out that the great 
increase in tbe blood volume of tbe liver was not compensated 
by contraction of tbe central vascular area, but blood was drawn 
from tbe bead and tbe legs; similar result was seen in various 
acute intoxications. 

Gianturco and Steggerda (1937) studied with X-rays tbe 
width of the big vessels after various experiments. In most in- 
stances they found that the aorta became narrow, while tbe cava 
was wide and the liver congested. They thought that this might 
be ascribed to aorta constriction (efedrine), impaired heart func- 
tion (air embolism), constriction of tbe pulmonary vessels (hist- 
amine), and so on, and that tbe vena cava bad been dilated by 
stasis. However, they purposely used very heavy or lethal doses 
of tbe drugs, and therefore tbe vascular picture may have been 
that of the severe acute intoxications mentioned above. The 
narrowing of the aorta may have been caused by collapse and not 
of an active constriction. Without pressure measurements it can- 
not be decided whether a volume change in a vessel is an active 
or a passive one. 

In the present investigation we measured the pressure of the 
vena cava during ether intoxication, in order to find out whether 
the absence of decrease in volume (Hejimxngsson and Silfver- 
skiold 1940) was the result of stasis. 

Method. The rabbits were narcotized with uretbane and a catheter 
inserted into the vena cava, as described above. Pictures were taken 
before and after the tborotrast injection, and in some cases also soon 
after the beginning of the administration of ether. After that the 
animals were 'deeply narcotized with ether, and fresh pictures were 
taken after the cessation of respiration. In this stage the heart con- 
tinued beating. — 9 rabbits were examined. 

Results: With this ether intoxication the vena cava and the 
heart do not decrease in width (as seen in figure 2). Sometimes 
they arc enlarged a little. The aorta, however, becomes very 
narrow. The pressure of the vena cava does not increase at this 
stage (but somewhat later there is an increase), and thus there is 
no stasis, a fact of considerable importance. 

From the roentgenograms of the legs it was seen that the big 
skin vein had constricted to such a degree that it could hardly 
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be seen. Other peripheral veins also seemed to be constricted. 
From this the conclusion can be drawn that there may be a great 
difference in reaction between the peripheral veins and the central 
ones. 

Discussion. 

The width of the vena cava may vary independently of that 
of the peripheral veins, and the volume variations of the cava , are 
not simply the result of collapse or stasis. Whether the variations 
in the size of the heart and the aorta are to be explained as being 
of an entirely passive nature cannot yet be decided. The volume 
of the heart is, however, influenced by reflexes from the carotid 
sinus (Heymans and Bouckaert 1930) and therefore it seems 
reasonable to believe that the volume reduction in our experi- 
ments was partly caused by a reflex action. 

In certain conditions, however, the vessels mentioned may have 
a blood depot function (4, 8). In normal individuals in the up- 
right position the heart contains a smaller volume of blood than 
m the recumbent position — an old experience ‘ from clinical 
roentgen examinations. Nylin (1934) found an average reduction 
of 250 cc, which is a high value, and probably too high. The big 
veins of the chest and their branches certainly also become 
narrower as a result of the reduced hydrostatic pressure (probably 
other vessels of the upper part of the body get narrower, too). 
Thus there must be a considerable quantity of blood in the central 
vessels of the recumbent individual which is not absolutely needed 
for the circulation. 

The “superfluous” blood may be involved in hemorrhage, 
shock and perhaps also in other conditions. This of course does 
not imply that the central vascular area has all the various depot 
properties of the spleen. 

Summary. 

The volume variations of the big central vessels (vena cava 
and aorta) and the heart were studied in animal experiments 
employing a roentgen method. 

This central vascular area showed considerable width variations 
after severe hemorrhage and ether intoxication. The vena cava 
reactions codld not be explained as being of an entirely passive 
nature. 

There are reasons for ascribing a real blood depot function to 
the heart and the big vessels. 
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The total acetone content of the blood is made up by two 
fractions: The acetone performed and the acetone formed by quan- 
titative decarboxylation of the acetylacetic acid. For its quan- 
titative determination the acetylacetic acid is first decarboxy- 
lated, and then the total amount of acetone is determined. The 
determination of acetone may be carried out according to several 
principles. When operating with capillary blood, however, not 
only accuracy and specificity, but even sensitivity is required 
from the method employed. The principal methods for the de- 
termination of acetone are indicated below. 

1. The iodometric method of Messinger (1888) and modifications. 
The acetone is distilled off into a flask containing an alcaline iodine 
solution. Hereby it is converted into iodoform. After acidifying the 
solution excess of iodine is determined by titration. But as even many 
other volatile substances are consuming iodine, the specificity of the 
method is low. If demanding any accuracy, amounts of acetone greater 
than 10 y in the sample are required. For the determination of total 
acetone in small blood samples this method is of no use. 

2. Methods based on the precipitation of acetone with mercury 
salts. DENiohs (1898) found that when boiling acetone with a solution 
of mercuric sulphate in sulfuric acid, a crystalline precipitate separed. 
He used this reaction for the determination of acetone. Later this 
method is modified by Van Slyke and collaborators (Van Slyke 1917; 
Van Slyke and Frrz 1917 and 1919). Barnes and collaborators (Bar- 
nes 1937; Barnes and Wick 1939) have combined this precipitation 
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with a distillation afterwards and determination of acetone in the 
fluid distilled off by means of the iodometric method. The determina- 
tion of acetone by precipitation with mercuric sulfate is more specific 
than the iodometric method of Messinger, but considerably less 
sensitive. In order to obtain satisfactory results, quantities of more 
than 50 y acetone must be present in the sample. The method is there- 
fore not applicable when operating with very small blood samples 
containing only a few y of acetone or even less. 

Acetone can also be precipitated with mercuric cyanide in alkaline 
solution. This is the base of a quantitative method, introduced by 
Scott-Wilson (1911). Nephelometric modifications are introduced by 
Marriott (1913 — 14), Holin' and Denis (1914), and Shipley and 
Long (1938). The nephelometric modifications are rather sensitive, but 
errors are easily magnified — up to several hundred per cent (Barnes 
and Wick 1939) — like in most nephelometric measurements. The 
method is therefore of no use when accurate results are wanted. 

3. Methods based on the precipitation of acetone with the reagent 
of Nessler. Even by this reaction the acetone is nephelometrically 
determined (Abels 1937; Werch 1940 and 1941). The sensitivity of 
this method is large, but errors are large too, particularly when the 
analyses are carried out by unexperienced investigators. 

4. Colorimetric methods based on colour reactions between acetone, 
an aromatic aldehyde, and alkali. Various aldehydes are used. When 
using benzaldehyde, dibenzalacetonc is formed (Claisen 1884), but 
this reaction is hardly suitable for the quantitative determination 
of acetone. The corresponding reaction with furfurolc, however, is 
employed for the determination of acetone, lately by Castiglioni 
(1911). The reaction with o-nitrobenzaldehydc (Eentzold 1883) has 
been used by Kiesel (1905) and lately by Noyes (1941). Also with 
vanilline a dye is formed, and also this reaction is employed for acetone 
determination (Backstrom 1942). All these reactions are relatively 
specific, but the presence of acetaldehyde and some other substances 
will disturb the determination. Methods based on the reactions 
mentioned above arc further considered not to be sufficiently sensitive 
for analysis of capillary blood samples, where the acetone occurs in 
very small quantities. 

When treating acetone solutions with salicylaldeliyde and al- 
kali, a dye is also formed (Fabinyi 1900). This reaction was used 
by Frommer (1905) as a very sensitive indicator of the presence 
of acetone in urine. A rough quantitative application of this re- 
action is described by Engfeldt (1915). He indicates that even 
with concentrations of about 2 y acetone in 10 ml solution a 
visible colour is obtained. The salicylaldehyde method for the 
quantitative determination of acetone has later been improved 
by a number of investigators (Csonka 1916; Behre and Bene- 
dict 1920; Urbach 1931; Neuweiler 1933, and many others). 
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For the determination of acetone the salicylaldehyde method seems 
to be the most specific and most sensitive of all the methods 
available. But in the literature available at present we have 
found no modification of this method suitable for the analysis of 
small blood samples, e. g. samples of capillary blood. For this 
reason we have found it justifiable to publish a micromodification 
of the salioylaldehyde method suitable 
for exact determination of total acetone 
in samples of capillary blood. 

The analysis is based on the following 
principle: The blood is collected in diluted 
sulfuric acid and the mixture afterwards 
distilled. Hereby the acetylacetic acid 
is quantitatively decarboxylated, and 
the total acetone content of the sample 
is subjected to distillation. Potassium 
hydroxyde and salicylaldehyde solutions 
are added to the distilled fluid. A control 
test is prepared in the same manner by 
using distilled water instead of the 
acetone-containing fluid. In order to 
develop the colour the flasks are heated 
on a water bath. Finally the extinction 
is determined in a Pulfrich Photometer. 

We have found that no precipitation of 
proteins is necessitated before distilling off 
the total acetone. Samples in which the 
proteins had been removed according to Fig. 1. 

Fujita and Iwatake (1931) and samples 

not treated in this manner revealed essentially the same results. 
— As to the concentration of the sulfuric acid employed, this 
is of little importance. Any concentration of the acid between 
n/25 and 1 n will give identical results. — The distillation should 
preferably be undertaken in especially designed apparatus, but 
may be carried out in any equipment designed for similar analysis. 
The equipment used by the authors is reproduced in the fig. X. 

The tube filled with glass beads has a dual purpose: 

1. It will retain foam inevitably formed by the boiling fluid. 

2. It will facilitate the fractionation of the acetone. Thus a 
small quantity of fluid distilled off will contain all the acetone 
present in the sample. 
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Reagents. 

1. Dilute sulphuric acid, approximately N/5. 

2. KOH, exactly 14.5 N/solution. 

3. Salicylaldehyde solution. To 10 g salicylaldehyde alcohol is 
added to 100 ml. 

N't) t e. To avoid errors due to acetone in the distilled water 
this must be boiled for half an hour before use. 


Procedure. 

If maximum of accuracy is required, the blood sample must 
contain at least 0.5 y acetone. For normal individuals a blood 
quantity of 0.2 ml will give satisfactory results. During keton- 
aemia 0.1 or 0.25 ml will be sufficient. 

The blood sample is collected in a 100 ml flask fitted with a 
glass-ground joint, containing 25 ml dilute sulphuric acid. To pre- 
vent bumping a few glass beads are added. Then the flask is con- 
nected to the distillation equipment, and the flask is heated by a 
gas burner. The acetone distilling off is collected in a 10 ml volu- 
metric flask. We have found that in 10 — 15 minutes all the ace- 
tone is distilled off. During this time heating is regulated in order 
to obtain a quantity of approximately 4 ml of fluid distilled. At- 
tention should be paid to the cooling arrangement. No drops 
should be permitted to remain inside the cooler. A blind is pre- 
pared by distilling 25 ml of the sulphuric acid employed. 

After distilling all the samples the acetone content in the 
volumetric flasks is determined. To each flask (blind included) 
4 ml KOH and 2 ml salicylaldehyde solution are added. The 
mixture is made up to volume with water. The flasks are stop- 
pered and heated on a water bath at 50° for 20 minutes. After- 
wards they are allowed to cool at room temperature for half an 
hour. The extinction is finally determined in a Pulfrich photo- 
meter in 50 mm "Klein-Kiivetten”, fitted with covers. Filter S 53 
is used. In order to obtain exact values the extinction should be 
measured within an hour after cooling the flasks. Under these 
circumstances exact proportionality will exist between the ace- 
tone content of the volumetric flask and the extinction (Rrog 
1945). If the cuvettes arc left standing for some time before being 
read in the photometer, they should be inverted several times; 
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the alcohol evaporates rapidly, condensing on the inner surface 
of the cover. Errors may thereby result. 

Calculation. To some extent the acetone concentration 
corresponding to an extinction E = 1.00 depends upon the sali- 
cylaldehyde employed. It has to be determined by means of an 
acetone solution of known concentration. Using a salicylaldehyde 
preparation produced according to Gattermann (1930), we found 
that E = 1.00 was given by an acetone content in the volumetric 
flask of G.7 y. Thus the acetone contained in the sample will be 
found by multiplying this factor with the extinction of the sample. 
On the basis of the quantity of blood employed the total acetone 
per ml may be calculated. 

Some values found by the method are given below. The samples 
nr. 7 and 9 originated from persons suffering from inanition ke- 
tonaemia, the others from healthy persons. Each analysis is car- 
ried out with 0.2 ml of blood. 


Sample 

no. 

Total acctono of 
the sample, y 
Paral- ,, 

lcls Mean 

y acetone 
added to 

0.2 ml of the 
same blood 

Total acetone after 
the nddition, y 
Paral- , r 

lcls Mcan 

Acetono 
recov- 
ered, % 

1 

0.81 

0.80 

0.84 

3 

3.79 

3.82 

3.81 

99 

2 

0. G 7 

0.89 

0. 08 

3 

3.58 

3.02 

3.co 

97 

3 

0.89 

0.92 

0.91 

3 

4.03 

3.99 

4.oi 

103 

4 

0.78 

0.84 

0.81 

3 

3.72 

3.70 

3.71 

97 

5 

1.20 

1.15 

1.18 

2 

3.17 

3.18 

3.18 

100 

6 

0.73 

0.78 

0.75 

2 

2.73 

2.71 

2.72 

98 

7 

1.75 

1.81 

1.78 

2 

3.09 
3.7 5 

3.72 

97 

8 

0.53 

0.81 

0.57 

2 

2.54 

2.58 

2.55 

99 

9 

2.42 

2.44 

2.43 

2 

4.41 

4.44 

4.43 

100 


0.77 






10 

0.8 0 
0.76 

0.78 

2 

2.82 

2.82 

102 




1 

1.81 

1.81 

103 
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Summary. 

A micromodification of the salicylaldehyde method for total 
acetone determination in small blood samples is described. Total 
acetone quantities of about 1 y in the sample may be determined 
with great accuracy. 
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Die Fragc von der gegenseitigen Bcdcutung dcr begrifflichen 
Bestimmungsstiicke eines Rcizausdrucks an Hand des Rcizaus- 
drucks kurzdauernder Licbtcmpfindungcn hat cincr von uns in 
deraBuch »t)bcr Wahrnekmcn, Donken und messendes Ycrsucbene 
zu erorfcern versucht. In tier vorliegcndcn Arbeit sollcn diese Vcr- 
suche melir detailliert bcschrieben werden, dcsglcichcn neue, 
wahrend dcs Jvrieges ausgcfuhrfce Vcrsuche iiber die Bestim- 
mungsstuckc von Licbtreizen von verschiedencr Eliichengrosse, 
insbesondere von ganz kleiner Blache. 

Die cigenartigc Stellung dcr bcgrifflicbcn Zeitgrossc gobt aus 
alien, in den versekiedensten blodalgcbieten ausgefuhrten Yer- 
Rucbcn bervor, in denen sicb die Zeit unter den gemessenen Reiz- 
bestimmungsstiickon befindet. Auf dem Gebiete des Gesicbts bn- 
ben bekanntlich Bloch (1885), CixaM’kntier (1890), v. Kries 
(1907) und Pikr.ON (1932) gozeigt, dass in den Beizausdriickon, 
die der absoluten Lichtschvelle entspreeben, das Produkfc der 
Grossen Licbtintensitiit (welche eine Grosse von der Dimension 
einer Leistung ist) und Zeitdauer konstanfc jst. Wenn die LicHt- 
intensitat oder -Leistung mit L und die Zeitdauer mit t bezeich- 
net worden, gilt also bier: L • t — E l , wobei Bi die konstanto Ener- 
gie des Minimalreizes der absoluten Scbwellenempfindung be- 
deutet. Diese Begel gilt genau bis zu Zeitdauern des Rcizes, die 
boebstens etwa 100 bis 120 a betragen. Bei den Versucben war die 

11 — 5G2524. Ada phvs. Scandinav. Vol. 12. 



148 K. JALAVISTO, R. KKNI UND T. REENPAA. 

konstant gekaltcne Reizflacbe von einer solcben Grosse, dass ihr 
Bild ganz innerhalb der Fovea centralis fiel. 

Aucb auf den Gebieten des Gebors und der Hautempfindung 
(beim elektrischen Hautreizen) gelten ahnlicbe Regeln beixn Be- 
obachten der absoluten Empfindungsscbwelle der betreffenden 
Gebiete. Aucb bierbei kompensieren die Leistungs- und die Zeit- 
grosse einander in der durcb die Produktenregel angegebenen Weise, 
wie von verscbiedenen Autoren festgestellt worden ist (Nernst 
1908 ; Kucharski 1928 ; Ware, Wilska u. Renqvist 1933 ). 

Die obigen Produktenregeln geben eine bestimmte Eigenbeit 
des Observierens von Minimalreizen (es bandelt sich in alien den 
genannten Fallen um absolute Empfindungsscbwellen) an. Die 
Giiltigkeit der Produktenregel bedeutet namlicb,. dass in diesen 
Fallen die Bestimmung des Zeitwerts bzw. des Leistungs- oder 
Intensitatswerts in dem betreffenden Modalgebiet unmoglicb ist, 
d. b. die Beobacbtung gilt in diesem Gebiet nicbt der Intensitiit 
und der Zeitdauer, sondern der Energie.. Man konnte hier von 
einer Entartung der Dimensionen innerbalb des betreffenden Mo- 
dalgebietes sprecben. Statt der zwei Dimensionen, der Intensitiit 
und der Zeit, ist nur eine, und zwar die Energie beobachtbar. Die 
Einfuhrung der Intensitats- und Zeitgrossen in den Reizausdruck 
der Produktenregel gescbieht auf Grund von Beobacbtungen und 
Messungen, die nicbt zum betreffenden Yersucb geboren. Wir 
messen bei der Yersucbsausfubrung, mittels besonderer tecbni- 
scber Hilfsmittel die Grossen Intensitiit und Zeit und konstatieren 
dann die Konstanz des Produktes dieser Grossen. Wenn wir statt 
dessen die pbysikaliscbe Grosse des Scbwarzungsgrades einer pbo- 
tograpbischen Platte entsprecbend den absoluten Licbtempfin- 
dungsscbivellen bestimmt batten, warden wir die Regel: Schwar- 
zungsgrad, d. b. Licbtenergie = konstant, erbalten baben. Die 
Energie als Reizgrosse geniigt also, um in der einfacbstmoglicben 
Wcise begrifflicb das pbiinomenale Ergebnis des Versucbes zu 
wiedergeben; in dieser Beziebung liegt diese begriffliche Grosse 
bei diesen Yersucben der Pbiinomenalitat am niicbsten. Die in den 
Produktenregeln stehenden Grossen sind der Pbiinomenalitat der 
Minimalempfindung frerad und die Entdeckung, dass ibr Produkt 
bei der Minimalempfindung eine Konstante ist, erscbeint einem 
als ein Wunder. Wir baben die Produktenregel eine sinnesphysiolo- 
giscbe Einschranl-ungsrclation und dasjenige Gebiet, wo die In- 
tensitat und die Zeit nicbt mebr getrennte Rollen spielen, das sin- 
nesphysiologiscbc Einscbrankungsgebiet genannt. 
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Man kann dieser Einschxankung oder der Entartung der Di- 
mensionen auck einen anderen Ausdruck geben. Wenn es sick 
um eine bestiinmte Em'pjindungsschwelle handelt, z. B. um die abr 
solute Empfindungsschwelle, wie in den vorigen Fallen, bo bestekt 
im Einschrankungsgebiet zwischen zwei (wie in den vorigen Fallen) 
oder zwiscken melireren Reizgrossendimensionen eine Gleickung, 
durck welcke z. B. eine von den Dimensionen bestimmt werden 
kann, wenn die iibrigen gegeben sind. Die Gleickung brauckt 
naturlick im allgemeinen nickt die Form L *t = Ei zu kaben..Mit 
dieser Formulierung kann zugleick der Untersuckung ein erstes 
Ziel gegeben werden: die Aufstellung der betreffenden Gleickung. 
An diese Aufgabe sckliesst sick als Nebenproblem die Bestimmung 
der Grenzen an, innerkalb deren die Gleickung giiltig ist. 

Eine der obigen Einschrankungsrelation ahnliche Beziekung 
gilt auf dem Gebiete des Gesickts auck betreffs der Grossen 
Licktintensitat und Flachengrosse der Belicktung. Fiir Flacken, 
die kleineren Knotenpunktswinkeln als etwa 2' entsprecken, kat 
Asher (1897) gefunden, dass die Beziekung L • f = L t gilt, wo 
die Intensitat mit L, die Flackengrosse mit f und mit L x eine 
konstante Grosse bezeicknet wird, die von der pkysikaliscken Di- 
mension einer Leistung ist. Bei den Versucken von Asher han- 
delte es sick um »Dauerreize«. Eine Beziekung von dieser Form 
wird oft als Ricco’sche Regel bezeicknet. Wie gesagt gilt diese 
Regel nickt mekr bei grosseren Gesicktswinkeln. 

Bei Dunkeladaptation gilt, wie Piper (1903) gezeigt kat, bei 
der absoluten Sckwelle die Regel L • |/f = Konstante, ziemlick 
genau, was spiiter von anderen bestiitigt worden ist. Kiirzlick 
kaben Wald (1937 — 38) und Crozier (Orozier und Holway 
1939—1941) genauer gezeigt, unter welcken TJmstanden giiltig 
und von welcker Form die Ausdriicke sind, welcke die Ein- 
sckrankung der Reizbestimmungsstiicke der Flackengrosse und 
der Intensitatsgrosse angeben. Bei ganz kleinen Gesicktswinkeln 
gilt annakerungsweise die Formel L • f = Konstante, bei gros- 
seren Flacken und bei der Bestimmung von Untersckiedssckwel- 
len Ausdriicke von komplizierterer Form. Die an ikre Messungen 
sick anschliessenden Ausfiikrungen von Crozier und von Wald 
sind aufscblussreick und beleuckten von einem eigenen Stand- 
punkt die besprockenen Verkaltnisse. 

Aus den beiden, bei der absoluten Sckwelle giiltigen Regeln 
L • t = E x und L • f = L x , also den Zeit- und Flackenregeln, folgt 
die verallgemeinerte Einschrankungsrelation L • f • t = E x (= Kon- 
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stante). Die empirische Giiltigkeit und besonders die Grenzen die- 
ser Regeln werden in dieser Albeit erneut einer Untersuchung un- 
terworfen. 


Eigene Yersucbe. 

Untersuchung der Abhfingigkeit der Reizgrossen 
Liehtintensit&t und Zeit. 

Wir untersucbten zuerst die gegenseitigen Verbaltnisse dieser 
Reizgrossen bei der absoluten Empfindungsscbwelle mit Reiz- 
flacben, deren Bilder ganz innerbalb der Fovea eentrab's fallen. 
Dies war also eine Wiederbolung der friiberen von Bloch bis v. 
Kjries und Pieron sicb erstreckenden Yersucbe. Dagegen liegen 
bister keine solcte Untersucbungen vor, bei denen die Reiz- 
grossen Intensitat und Zeit untersucbt worden wiiren, wenn es 
sict urn ubersclnvellige Empfindungen bandelt. Solcte Unter- 
suctungen anzustellen war dater unser zweites Unternebmen. 
End schliesslict wurden noct Bestimmungen iiber die Abtiingig- 
keit der Reizgrossen Intensitat und Flacte an der absoluten 
Empfindungsscbwelle sowie an drei uberscbwelligen Stellen ange- 
stellt, also Yersucbe, die parallel mit denjenigen von Asher, 
Crozier, Wald u. a. gingen. 

Die Yersuchsanordnung ist scbematiscb in Abb. 1 angegeben. Mit 
Hilfe zweier Zeiss’scber Projektionslampen (P) sowie zweier Linsen- 
systemc (L) mit Irisblenden (I) werden auf einen 3 m von der Versucbs- 
person cntfernten weissen Schirm (S) zwei (oder nur eine) kreisrunde 
Licbtflacben projiziert. Die Fcinregulierung der Intensitat der Licht- 
fliicben wird durcb die Blenden (I x ) abgestuft; die Grundeinstellung da- 
gegen durcb Vorscbalten von Raucbgliisern (R). (Bei sebr genauen TJn- 
terschiedsscbwellenbestimmungen wird die Intensitat mittels sebr spit- 
zer Rauchkeilglaser bewerkstelligt (K.).) Da die Lampen vom Stadt- 
nctz gespeist werden, wird die Stromstarke kontinuierlich mit cinem 
genauen blilliamperemeter kontrolliert und mittels eines vorgcsclialtc- 
ten, regulierbaren Widerstandes genau konstant gebalten. 

Die Grussc der Lichtjldchcn wird mittels dcr Blenden (I 3 ) eingestcllt. 
Die von dcr Firma Zeiss vorzuglicb ausgefiibrte Anordnung gestattet, 
Licbtprojektionen von volb'g gleichmassiger Heliigkeit zu erzielen, bis 
zu Fliicbcngrosscn von etwa 40 mm Dorclimesser (in 3 m Entfcmung). 
Mittels einer Hebclnnordnung, wclcbe die optisebe Bank (A), auf der 
cine der Projcktionsanordnungen aufmontiert ist, um eine Axe dreht, 
kann der gegenseitige Abstand der Lichtfliicben vergrossert und. ver- 
Idcincrt werden. Die Fliichen lnsscn sicb biorbei auf einnndcr spliieben 
und andererseits in eine Entfcmung von melir als 70 mm von einander 
bringen. 
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Abb. 1. Scbematiscbc Darstcllnng dcr Versncbs.mordnmig. 

Die Reguh'erung der Zeiidaner dcr Lichtreizc gescliicht tackistosko- 
pisch mittels eines, mit 2 wei regulierbaren Licktspalten versekenen 
Kreisels (T) (Durckmesser 80 cm). Die TJmlaufsgescliwindigkcit des 
Kreiseis betrug in unseren Yersuchen 82.5 Rotationen in der Minute, 
was einer Zeitdauer von 2 a pro Winkelgrad entspricht. Auch die 
Winkelgesckwindigkeit des Kreisels wurde fortdauernd mit eincm 
Towenzakler kontrollierfc some dureh Regulieren eines in den Strom- 
kreis seines Motors eingeschalteten Widerstandes konstant gebalten. 
Die beiden Lichtspalten des Kreisels sind gegen einander verschiebbar, 
wodurcli die zwisehen den beiden Reizen, dem Haupt- und dem Ver- 
gleichsreiz verfliessende Zeit verschieden Iang gemacht werden kann. 

Bevor eine Versucksreike begonnen wurde, musste die Versucksper- 
spn (die Autorm E. J., sehr gewohnt an sinnespkysiologische Versuche) 
sick zwanzig Mmnten lang an die mittelstarke Beleuchtung adaptieren, 
welche m den Zwisckenpausen der einzelnen Bestimmungen im sckwarz- 
wandigen Yersuehszimmer herrscbte. Die Zeit von 20 Minuten erwies 
sick als genugend zur Erreickung eines vollig konstanten Adaptations- 
znstandes bei dieser Beleuchtnng. Alle Yersuclie waren vollkommeti un- 
wassentlicb. 

lYir geben zuerst die Erycbnissc der Bestimmungen der gegen- 
seitigen Abkangigkeit der Lichtintensitaten und Darbietungszei- 
ten wieder. In der Tabelle 1 finden wir die Abkangigkeit der 
Reizzeitdauern t (in Sigmen) und der Reizlichtintensitaten L (in 
Lux) von einander bei der absoluten Empfindungssckwelle, der 
Sckwelle mit der Ordnungszakl 1, sowie bei der Intensity, welclxe 
der Intensitatssckwellenordnungszakl 4 entspricht (eine "enauere 
Erlauterung folgt spater). In der Tabelle 2 sind die Brgebnisse zu- 
sammengestellt, die den Sckwellenordmmgszaklen 10 und 20 ent- 
sprecken. 
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Tabello 1. 

Gegenseitige Abhangigkeit der Reizzeitdaner t (in Sigmen a) nnd der Reizlicht- 
intensitSt L (in Lnx) an der absoluten Empfindungsschwellc der Stelle 1, 
welche gleich der Schwelle mit der Ordnnngszahl 1 ist sowie an der Stelle 4, 
welche gleich der Schioelle mit der Ordnungszahl 2.S iat. (Siche den Test.) 
Die Stelle 4 entspricht einer Empfindnngsstarke, die gleich derjenigen ist, welche 
von einer Lichtintensitiit von 0.096 Lnx mit der Zeitdaner von 110 a bewirkt 
wird. Diese Reize entsprechen der Intensithtsstellenordnungszahl 4 bei Dancr- 
belichtnng. (Knotenpnnktswinkel der Lichtkreise 34'.) 


Stelle 1. 

1 (absolute, 1. Schwelle) 

Stelle 4. 

| (2.8 Schwelle) 

! t 

L 

L • t = E, 

L 

L-t = E, 

<7 

Lnx 

Lnx • 5 

Lnx 

Lnx -a 

i 

I l 

3.40 ± 0.32 

2.40 

5.63 ± 0.60 

5.03 

2 

— — 


| 2.75 ± 0.3 0 

5.50 

4 

0.464 + 0.050 

1.82 

1.41 ± 0.31 

5.64 

i 10 

0.249 ± 0.015 

2.49 

0.650 ± 0.085 

6.50 

i 15 

0.179 + 0.014 

2.69 

j 0.452 ± 0.037 

6.78 

! 20 

0.162 ±0.011 

3.24 

0.363 ± 0.032 

7.0C 

| 40 

0.0798 ± 0.0114 

3.19 

0.199 ± 0.027 

7.96 

| 60 

— — 

— 

0.141 ± 0.016 

8.46 

J 80 

0.0498 ± 0.0067 

3.98 

0.130 ± 0.0087 

10.40 

! 100 

0.0270 ± 0.004G 

2.70 

0.113 ± 0.019 

11.8 

; 110 

— — 

— 

0.119 + 0.022 

13.1 

j 120 

0.0286 ± 0.0049 

3.42 



— 

| 130 


— 

0.1 09 ± 0.019 

14.2 

! 160 

0.0274 ± 0.0042 

4.38 

0.103 ± 0.011 

16.5 

; 200 

0.0198 ± O.0030 

3.96 



— 

I 288 

0.0243 ± O.oooni 

7.00 



— 


Mittolwert der E,-bzw. E,-Werte, die den t-Wcrtcn 1 bis mitsamt lOOobr.vr. 
1 bis mitsamt 40 s entsprechen: E! = 2.81 ± 0.49 bzw. E 4 = 6.44 ± 0.49 
Lnx • Sigmen. 


Die Zalden der Kolumne der absoluten Enrpfin du tigssch xcellc n 
sind so erhaltcn, dass bei den in der Kolumne t angegebenen 
Reizzeiten von 1 bis 288 a, bei jeder Reizzeit 10 Bestimmungen 
(bei jeder Bestimmung 4 Lichtdnrbietungen) der entsprechenden 
Licbtintcnsitiit. ausgefuhrt vurden. Es tvurde nach der Herstel- 
lungsmethode verfabren, xvobei die Intensitjit in Schritten von 1 
Grad der gebrauehten Blendcnskala 5 mal erniedrigt und 5 mn 1 
crhohfc wtirde, bis im crsten Fallc das Erlebnis eben versclnvand , 
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ini zweiten cben auftaucbte. Es wurden in jedein Yersuch 4 
Kreiselrotationen, also 4 Bell cbtun gen des Auges vorgenommen 
(in den Versucben an den boberen Scbvellcn wurde ganz ent- 
spreebend verfabren). Aus der Tabelle ist deutlicb ersicbtlich, wic 
die Intensitiifc (also Mittchverte von 10 Bestimmungen; die mitt- 
leren Felder von der Grossenordnung 10 %) bei Vergrosserung der 
Zeitdauer Weiner wird, so dass das Produkt dor beiden Grossen 
L*t ziemlicb von gleicber Grosse ist, bis zu Reizdauern von 
etwa 100 a. Die von Bloch, Ciiarpentier, v. Kries nnd Pieron 
gefundene Regel bestatigt sich also aucb bier (da der Durcbmesser 
des Liclitkreises in unseren Versuclien 29.4 mm war nnd der 
Kreis von der Versucbsperson in 3 m Entfernung lag, entspriebt 
dies einem Knotcnpunktswinkel von 34', entspreebend dem gross- 
ten Wert in den Bestimmungen von v. Kries). Wir nannten diese 
Regel die Einschriinkungsrclation der absoluten Schvrellc oder der 
Minimallicbtbeobacbtung und scblossen an ibr Gelten einige Be- 
traebtungen liber die Art der Liebtbeobacbtung innerbalb kurzer 
Zeiten (Beobacbtungsdauer = 100 a) an (Reenpaa u. Niini 1941). 
Die Produktgrosse L-t bat den Mittelvrert 2.81 ± 0-49 Lux. Sig- 
men (bereebnet fiir die Zeitwerte 1 bis 100 a). 

Bei langeren Zeitdauern des Reizes als 100 a ist die Licbt- 
intensitiit relativ konstant; Mittelwert von L entsprechend den t- 
Werten 160, 200 u. 288 c r; 0.0238 ^ 0.0027 Lux. 

In diesem Zusammenbang ist es von Interesse zu erfabren, bis 
zu welcber Zeitdauer der Reize die Lichterlebnisse ‘pMnomcnal ah 
momentan empfunden vrerden. Wir machten darum Yersuche, bei 
denen der Yergleicbsreiz immer 1 a dauerte, der Hauptreiz aber 
die versebiedenen, in der ersten Kolumne der Tabelle 1 angegebe- 
nen Zeitdauern von 1 bis 288 a annabm. Die Intensitiiten der Reize 
•waren natiirlicb, entspreebend den Mittelwerten der Tabelle, so 
angeordnet, dass sovrobl Vtergleicbs- als Hauptreiz ein absolutes 
Scbwellenerlebnis der Licbtintensitat ergaben. Die Yersuchsanzabl 
dieser Serie ist leider ungenligend; das Ergebnis sebeint aber 
anzudeuten, dass erst ein Yergleicbsreiz, der langer als 120 a ist, 
sicber aucb pbanomenal einen langer dauernden Eindruck macht 
als der Hauptreiz von 1 a. Die oberen zeitlichen Grenzen einerseits 
der Giiltigkeit der Produktenregel der Konstanz des Produktes von 
Intensitat und Zeitdauer des Reizes und andererseits der volligen 
Minimalitat des Erlebnisses, also sowobl betreffs des Intensitats- 
erlebnisses als des Zeiterlebnisses (vollig momentanes Erlebnis) 
sebeinen also ungefalir an der selben Stelle zu liegen, bei etwa 100 a. 
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Tabelle 2. 

Gegeaseitige Abhangigkeit der Reizzeitdauer t (in Sigmen o) nnd der Reizlicht- 
intensitat L (in Lax) bei einer Empfindungsstarke, die equivalent der 10. 
Intensitatsordnungsstelle bei Daaerbelichtang ist, an der Stelle 10, welcho gleich 
der Schwclle mit der Ordnungszahl 5.34 ist, sowie an der Stelle 20, welche 
gleich der Schwelle mit der Ordnungszahl 8.43 ist. (Knotenpanktswinkel 
der Lichtkreise 34'.) 


Stelle 10. 

(5.84 Schwelle) 

Stelle 20. 

(8.43 Schwelle) 

t 

L 

L • t — E 10 

L 


CT 

Lax 

Lax ■ a 

Lax 


2 

6.54 ± 0.4 2 

13.1 

12.06 ± 0.50 

24.1 

4 

3.40 + 0.21 

13.6 

6.81. ± 0.34 

27.2 

10 

1.20 + 0.14 

12.0 

3.15 ± 0.21 

31.5 

15 

1.026 ± 0.078 

15.4 

2.17 + 0.17 

32.6 

20 

0.946 ± 0.068 

19.9 I 

1.71 ± 0.08 

34.2 

40 

0.532 ± 0.014 

21.3 ! 

0.808 ± 0.012 

32.3 

60 

0.391 + 0.020 

23.5 

0.681 ± 0.014 

37.9 

80 

0.321 ± 0.019 

25.7 

0.524 ± 0.016 

41.9 

100 

0.293 + 0.012 

29.3 

0.472 + 0.015 

47.2 

130 

0.264 ± 0.027 

34.3 

0.430 ± 0.013 

55.9 j 

160 

0.263 + 0.012 

40.5 

0.402 ± 0.017 

64.3 i 


Mittelwert der E 10 - bzw. Ejo-AVerte, die den t-lYcrten 2 bis mitsamt 40 o 
cntsprechcn: E ln = 15.88 + 0.74 bzw. E :0 =» 30.82 + 1.15 Lax. Sigmen. 

Die Ergebnisse der Versucbe mit iiberschwelligen Liclitreizen 
geben aus den Tabellen 1 nnd 2 liervor. Diese Besultate sind so 
erbalten, dass der Versuchsperson mittels der einen von den bei- 
den optiscben Anordnungen ein Hauptreiz von 110 a Dauer und 
0.0952, 0.238 bzw. 0.47G Lux, entsprecbend den Intensitiitsscbwel- 
lenordnungszablen 4, 10 und 20 (die angegebenen Lux-Werte sind 
4, 10 und 20 mal grosser als der mittlere Intensitatswert bei lang- 
dauerndem Eeiz an der absoluten Scbwelie) und mittels der an- 
deren optiscben Anordnung ein Vergleiebsreiz von den in den 
Tabellen angegebenen Zeitdauern und Intensitaten, mit Hilfe des 
rotierenden Kreisels immer abwechselnd dargeboten wurdcn. Die 
Grosse dcr Licbtkreise war luerbei dicselbe wie bei den Yersucbcn 
an dcr absoluten Scbwelie. Der Abstand der Bander der beiden 
Licbtkreise bet-rug 3 mm. Bei jeder Zeitdauer wurden, vie bei der 
absoluten Scbwelle, zelrn Einstellungen der Gleicbbeit der Inten- 
sitat des Haupt- und der Yergleicbsreize vorgenommen (die Wert e 
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der Tabellen sind Mittelwerte dieser Bestimmungen). Da der Ver- 
gleichsreiz (Dauer 110 o) cine Intcnsitiit von 0.0952, 0.238 bzw. 
0.47G Lux liat, d. b. ciu 4, 10 bzw. 20 mal starkerer Reiz als die 
absolute Reizintensitiit bei Dauerbclicbtung (besser: bei einer 
Belicbtungsdauer, bei der die Zeit und die Intensitat getrennt be- 
obachtbar sind) ist, sind diese AVerte in intensiver Hinsicbt emp- 
findungsiiquivalent mit der 4- bzw. 10- bzw. 20-maligen absoluten 
Dauerreizscbwelle. 

Aus den Tabellcn 1 und 2 ist ersicbtlicb, dnss mit steigender 
Dauer der Belichtung aucb bei den iiberscbwelligen Reizen bei 
gleichem Erlebnis die Intensitat kleiner wird. An der Stelle 4 
(Tabelle 1) scbeint das Produkt L • t bis zu Zeiten von etwa 40 a 
von relativ konstanter Grosse zu sein. Der Mittelwert der L - 1- 
AVerte, die den t-AVerten 1 bis mitsamt 40 a entsprecben, betragt 
6.44 ± 0.43 Lux. Sigrnen. Von der gcnanntcn Zeitdauer an scbeint 
das Produkt zu steigen beginnen; die Intensitat bei diesen liinge- 
xen Zeitdauern bleibt dagegen relativ konstant und ilir Mittel- 
wert betragt entsprecbcnd den Zeitdauern von 100 bis 160 a, 
0.111 ± 0.005 Lux. 

An der Stelle 10 (Tabelle 2) seben wir, dass das Produkt L • t 
eigentlicb nur bis zu dem Zeitwert 15 a relativ konstant ist. Piir 
die L-AVerte finden wir dagegen, dass bier cine deutlicbe Ver- 
kleinerung dieser "Werte entsprecbend dem Steigen der Zeitwerte, 
bis zu Zeitdauern von 60 a, vor sicb gebt. Bei grosseren Zeit- 
dauern ( > 60 o) ist der L-AVert von relativ konstanter Grosse . 
Dementsprecbend baben wir die den t-AVerten von 2 bis mitsamt 
40 a entsprecbenden Mittelwerte der Produkte L * t berecbnet. An 
der Stelle 10 betragt dieser AVert 15.88 ^ 0.74 Lux. Sigmen. 

Und scbliesslicb seben wir, dass an der Stelle 20 (Tabelle 2) das 
Produkt L • t uberbaupt nicbt gut konstant ist. Bis zu Zeit- 
dauern von 40 a ist es jedoch von relativ konstanter Grosse und 
dementsprecbend baben wir den den t-AVerten 2 bis mitsamt 
40 a entsprecbenden Mittelwert berecbnet; er betragt 30.32 ± 1.15 
Lux. Sigmen. 

Ein Vergleicb der L • t-AVerte an der absoluten, also der 1. 
Scbwelle, sowie an der 4, 10 und 20 mai dieser Scbwelle entspre- 
cbenden Reizen zeigt, dass es bei ibnen alien einen Bereicb gibt, 
in dem dieses Produkt relativ konstant ist. An der absoluten 
Scbwelle ist dieser Bereicb jedocb zeitlicb ausgedebnter als bei 
den boberen Reizwerten. Dagegen ist derjenige Bereicb, innerbalb 
dessen die Zeitdauer und die Intensitat uberbaupt eine gegen- 
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seitige Abhiingigkeit zeigen, bei alien untersuchten Reizwerten 
zeitlieh ziemlich ausgedebnt. An der absoluten Schwelle reicht 
dieser Bereich bis zu der Zeitdauer von 100 — 120 a , bei den der 
4-maligen Dauerschwelle (Schwelle der Intensitat bei lange dauern- 
der Reizzeit) entsprecbenden Reizen reicht er ebenfalls bis zu 
100 cr, und bei den entsprechend 10- und 20-maligen Reizen 
scheint er noch nicht deutlich bei der Dauer von 160 a erreicht 
zu sein. 

Entsprechend wie an der absoluten Schwelle haben wir auch 
an den Stellen 2, 4 und 10 Versuche angestellt, um zu erfahren, 
bis zu welchen Zeitdauern die Erlebnisse bei diesen Stellen pha- 
nomenal als momentan empfunden werden. An den Stellen 4 und 
10 sind etwas grossere Versuchsreihen angestellt worden mit 
einem Hauptreiz von 1 bzw. 2 a Bauer und mit Yergleichsreizen 
von 1 bis zu 100 bzw. 160 a. Das Ergebnis ist, dass an der Stelle 4 
von Zeitdauern von 20 a an die Mehrzahl der Vergleichsreize als 
langerdauernd als der Hauptreiz von 1 a empfunden werden. Un- 
terlialb dieser Zeitgrenze wird die Mehrzahl der Vergleichsreize als 
mit dem Hauptreiz gleichlange dauernd empfunden. An der Stelle 
4 scheint sich also die phanotnenale Momentanital der Reize bis zu 
etva 20 a zu erstrecken. An der Stelle 10 ist das Ergebnis ganz 
entsprechend angestellter Versuche, dass diese Grenze liier bei 
15 a liegt. An der Stelle 20 haben wir als entsprecbenden Zeitwert 
30 a erhalten. 

Zusammenfassend scheint die Zeitgrenze der phiinomenalen 
Momentanitat an den gebrauchten hoheren Schwellen bei 20 — 30 
a zu liegen, also jedenfalls deutlich unterhalb des entsprechenden 
Wertes an der absoluten Schwelle (100 a). An den hoheren Scbwel- 
len ist auch der Giiltigkeitsbereich der Produktenregel L’t = 
Konstante zeitlieh begrenzter als an der absoluten Scbwelle. An 
dieser letzteren reiclite dieser Bereich zeitlieh bis zu 100 a, ent- 
sprechend der Giiltigkeit der phiinomenalen Momentanitat der 
Empfindung. Bei den uberscbwelligen Reizen gilt die Produktcn- 
regel bis zu etva 40 a, die phiinomenale Momentanitiit bis zu etwa 
20 — 30 a\ also auch eine gewisse Ubereinstimmung. 

Zusammenfassend durfte man also sagen konnen, dass wenn 
cs sich um in •pMnomenalcr Hinsichl vollig minimalc Empjindungcn 
handdl (also wenn soxcolil die zcitlicJie wic die intensive Dimension 
minimal ist), die Produktenregel genau gilt. Wenn dngegen die 
phiinomenale Zeitdimension wolil minimal, die Intensitiitsdimcn- 
sion dngegen iibcrsclvwellig ist, gilt diese Regel nur anniiherungs- 
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weise und sie ist zeitlicb bescbriinkt. Ausserhalb des momentanen 
Zeitgebietes, wo also die Zeitdauer und die Intensitiit zum Teil 
als gesonderte Pbanomenalitiiten erlebt werden konnen, gilt die 
Produktenregel niciit melxr genau; entsprecbend der gesonderten 
Phanomenalitiit dieser beiden Dimensionen bekomtnen bier aucb 
ihre begrifflicben Reizentsprecbungen eine selbstandige Bedeu- 


tung. 

Wenn wir die Mittelwerte der in den Tabellen 1 und 2 angege- 
benen, bei den Momentanbeobacbtungsversucben erbaltenen kon- 
stanten Produkte R * t = E n (wobei der Index n die »Stelle«, also 
den Wert 1, 4, 10 bzw. 20 angibt) durch die Stellen-Werte n oder 
durcb die mit ilinen proportionalen Intensitatswerte der entspre- 
cbenden Dauerbeobacbtung L n , welcbe in den Versuchen als 
Hauptreize dienten, dividieren, erbalten wir die, in der Tabelle 3 
EE. 

angegebenen Werte — bzw. Diese Werte sind, den ersten aus- 
n Ij n 

genommen, ersicbtlicb alle ziemlich gleicbgross. Als empiriscbes 
Ergebnis erhalt man also, dass gleichgrossen Zunalimen der Inlen- 
sitaten der Dauerreize immer gleichgrosse Zunalimen der die gleichen 
Erlebnisse bedingenden Energieqrossen der Momentanreize ent- 
sprechen. 


Tabelle 3. 


1 

1 

E n AE n 

n 

Lux • a 

pTO 

>Stelle« 

Eu 

K 

Schwellenord- 
nnngszahl 
berecbnet mittels 
Aem Wert 

2 • S M 

m, 

2 • AL, 
m 2 

1 

0.02S8 

2.81 + 0.49 

2.81 

118.1 

1 

1 

4 

0.0954 

6.44 + 0.43 

1.CI 

67.6 

3.17 

2.8 

10 

0.238 

15.88 ± 0.74 

1.69 

66.7 

6.3 

5.84 

20 

0.476 

30.32 + 1.16 

1.52 

63.7 

10.0 

8.43 


Mittelwert 
der drei 
anteren 
Werte 

K 

T •* = 66.0 


Dieses iiberrascbende Ergebnis bedingt aucb zugleich, dass die 
aus diesen Werten zu berecbnende Energiezunabme des Momen- 
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tanreizes berecbnet pro Dauermtensitatsschwelle nicbt konstant 
sein kann, denn die Dauerintensitatsscbwellen nebmen bekannt- 
licb mit der Intensitat allmahlicb zu. Die Berecbnung der Ener- 
giewerte pro Schwelle kann aber auch in anderer Weise ausge- 
fukrt werden, worauf aber hier nicbt eingegangen werden soli. 

lib or die Intensitatsunter seine dsscliwellen mit den niedrigsten 
Ordnungszablen bei Dauerbelicbtung. 

Die absolute Scbwelle kann als die 1. Scbwelle angesetzt wer- 
den. Der Intensitatswert dieser 1. Scbwelle ist bei Dauerbe- 
licbtung 0.0238 Lux. AYenn die 2., 3. usw. Scbwelle, also die fol- 
genden relativen Scbwellen, die Unterscbiedsscbwellen bei Dauer- 
belicbtung, von der gleicben Grosse waren, ware der dem Lux- 
AYert von 0.238 entspreebende Dauerreiz 10 mal grosser als der 
absolute Reiz und die dim iiquivalenten Reize waren 10-malige 
Scbwellenreize. Run ist aber die Unterscbiedsscbwelle bei Dauer- 
belicbtung an der Intensitatsstelle 0.238 Lux nicbt 0.0238, son- 
dern sie kann gleicb 0.028 oder 0.041 Lux gesetzt werden je nacli- 
dem ob die Dnterscbiedsscbwelle gleicb dem doppelten S 50 - AVert 
(derjenige AYert, welcbcr die Grenze zwiseben den zu 50 Prozent 
gleicben und den zu 50 Prozent ungleicben Urteilen entspriebt) 
oder gleicb der doppelten mittleren quadratiseben Abweicbung 
A L 2 gesetzt wird (das Ausfiibren der Unterscbiedsscbwellenbe- 
stimmungen wird im folgenden besebrieben). Die beiliegende Abb. 
2 veranschaulicbt, wie sicb die A T erteilungskurven der aufeinander 



(fnlonsitfitcn I») des Reizc?. Kalicrt; im Text. 
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folgenden Schwellen ungefahr zueinander verbalten. Das Streu- 
ungsmass S 50 ist in die Abbildung eingezeicbnet. Augenscbeinlich 
liegen die Kuppen der nacbeinanderfolgenden Verteilvmgskurven 
im Abstand von 2 • S 50 von einander. Nun wissen wir nicbt, welebe 
Form die Yerfceilungskurven in unserem Fall liaben. Demgemass 
berechnen wir aucb aus unseren im folgenden zu besprecbenden 
Versuchen, sowohl den Wert S £ o els den Wert A L 2 . 

Intensitatsunterscbiedsscbwellenbestimmungen bei Daueibe- 
lichtung sind denn aucb seit langer Zeit in grosser Anzabl von 
vielen Forscbern ausgefiibrfc worden (siebe Steinhardt 1937). Es 
fehlen aber in der Literatur Angaben iiber die Grosse derjenigen 
Intensitatsunterscbiedsscbwellen (gemessen als Licbtintensitaten), 
welebe ganz in der Nabe der absoluten Scbwelle, der 1. Unter- 
scbiedsschwelle liegen. Wir wissen, dass die Grosse der Intensi- 
tatsunterscbicdsscb Welle bei Dauerbelicbtung mit der Intensitat 
der Grundbelicbtung zunimmt (Steinhardt) nnd man bat For- 
meln aufstellen konnen, die den Zusammenbang zwiscben den In- 
tensitaten der Scbwelle und der Grundbelicbtung ausdriicken 
(siebe aucb Keenpaa, 1916). Jedenfails diirfte es von Interesse 
sein, das zu vermutende Ansteigen der allerniedrigsten Intensi- 
tatsunterscbiedsscbwellen genauer zu bestimmen. Und besonders 
wollten wir nocb erfabren, wie sicb die allerniedrigsten Unter- 
scbiedsscbwellen in ibrer Grosse zu derjenigen der 1. Scbwelle, der 
absoluten Scbwelle verhalten. 


Die Methods der Bestimmung der ersten 
TJnterschiedsschwellen. 

Die Anordnung war die im vorigen bescbxiebene, aber fiir genauere 
Intensitatsregulierung erganzt, da diese mit den Blendcn (Abb. 1) 
nicbt fein genug zu erzielen war. An der Stelle K der Anordnung (op- 
tische Bank des Projektionssystems A) war ein sebx spitzes Bauch- 
keilglas angebracbt, welches mittels einer Scbraube senkrecbt zur Pro- 
jektionsrichtung des Liohtes bewegt werden konute. Durcb verschie- 
dene EinsteUung des Keilglases konnte die Intensitat des Projektions- 
kreises am Schirm (der Projektion der Lampe P, A) dann sehr genau 
abgestuft werden. Der andere Lichtkreis am Schirm, dessen Intensitat 
konstant gehalten wurde, wurde von der optischen Anordnung B pro- • 
jiziert; der Vergleich war also ein simultaner. Die Grosse der Ivreise 
war dieselbe wie bei den im vorigen beschriebenen Versuchen, Dasselbe 
gilt fiir den Abstand der Lichtkreise von einander. Die Absorption der 
benutzten zwei Bauchkeilglaser wurde unter Zugrundelegrmg der Me- 
thode der richtigen und falschen Fa lie an fiinf bzw. drei Stellen genau 
bestimmt und die erhaltenen Werte graphiseh aufgezeichnet und durch 
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eine Kurve verbunden. Die an den verschiedenen Stellen der Keil- 
glaser stattfindende Lichtabsorption wurde aus diesen Eichkurven ab- 
gelesen. 

Die Unterschiedssclncellen wurden dann folgendermassen bestimmt. 
Die Intensitat der Projektionsanordnung B (des Hauptreizes) wurde 
auf die oStelle« 2 eingestellt. Die Intensitat (am Scbirm) dieser Stelle ist, 
wie im vorigen erwahnt, 0.048 Lux (sie entspricbt aber nicbt der 2. 
Unterschiedsschwelle, sondern der Sckwelle mit der Ordnungszahl 1.48, 
wenn die absolute Scbwelle als die Schwelle mit der Ordnungszahl 1. 
angesetzt wird), wenn wir eine lineare Abhangigkeit zwischen den Ord- 
nungszahlen dieser Unterschiedsschwellen und den entsprechenden 
Stellenzahlen annehmen, was wohl berechtigt ist, da es sick um schwel- 
lenmassige Unterschiede handelt. Durch Probieren werden dann die- 
jcnigen Grenzwerte des Keilglases, das vor der Projektionsanordnung 
A stebt, ausfindig gemacht, ixmerhalb welcher sich die im Vergleich 
zum Kreis B sicher iiber- und unterschwelligen Werte des Licktkreises 
A befinden. Mit etwa 20 verschiedenen, innerhalb dieser Grenzen be- 
findlichen Intensitatswerten warden dann, unter Benutzung der Me- 
thode der richtigen und falschen Falle (wobei die Urteile -f , — und = 
abgegeben wurden) Bestimmungen ausgeflihrt. Bei jeder Intensitat 
vrurden 20 Urteile abgegeben. 

Als Ergebnis dieser Bestimmungen finden wir, dass an der 
Stelle 2., also der Scbwelle 1.48, derjenige Intensitatsbereich, 
welcber den 50-prozentigen Gleichheitswerten entspricbt, 0.0292 
Lux betragt. Die Halfte dieses Wertes, der sog. S 50 -Wert, ist also 
S J0 = 0.016 Lux. Da die quadratische mittlere Abweicbung 
A Lj = 3/2 dieses Wertes ist, haben wir an der Stelle 2., A Lj = 
0.022 Lux. Entsprecbend erbalten wir an der Stelle 10., welcbe 
der Scbwelle mit dor Ordnungszahl 5.34 entspricbt; S so = 0.028 
bzw. A Lj = 0.041 Lux. 

In der unmittelbaren Nabe der 1., der absoluten Scbwelle, 
deren Grosse bei Dauerbelicbtung wur im vorigen zu 0.024 Lux 
bestimmten, an der Scbwelle 1.48, betragt die mittlere quadra- 
tische Abweicbung also 0.022 und der S 50 -Wert 0.015 Lux. Als 
Grosse der Unterscbiedsscbwelle miissen wir jedocb den doppelten 
Sso-Wert bzw. den doppelten quadratiscben Fehler setzen. Die 
jRcizu nt ers chi e d ss ch wcl 1 e ist die implikative Entsprccbung der 
Empfindungsuntersckiedeschwelle (s. Benqvist-BeekpXa, 193G). 
Die Anzahl der Sclirittn in der Reihe der nacbcinander folgenden 
Empfindungsunterschiede wird, wie im vorigen dargelegt wurde 
(s. die Abb. 2), durch die Entfernung der einzelnen, jedcm Reiz- 
wert entsprechenden Vertcilungskurven angegeben. Und diese 
Entfernung setzen wir also gleich entiveder 2 * S 50 oder 2 • A L,; 
eine bestimmte Wahl knnn nur durch Definition erfolgcn. Die 
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Grosse der Unterscbiedsscbwelle an der Scbwelle mit der Ord- 
nungszahl 1.48 ware biernacb 0.029 (=2 ‘S5 0 ) bzw. 0.044 (= 
2 • A L s ) Lux. 

Die Grosse der absoluten Scbwelle wurde mittels der Herstel- 
lungsmethode bestimmt, wobei von 10 einzelnen Bestimmungen 
der Mittelwert genommen wurde. Eine jede einzelne Bestimmung 
diirfte liierbei wabrscbeinlicbkeitsgemass einen Wert geben, der 
an der S 60 -Grenze liegt. Wenn dem so ist, diirften die mittels der 
Methoden der 50 prozentigen Yerteilung und der Herstellung ge- 
fundenen Werte, als nabe bei einander liegend, mit einander ver- 
glichen werden konnen. Die Metbode der Bestimmung der abso- 
luten, der 1. Scbwelle ergab aber einen dem einjachen S s0 -Wert der 
Unterscbiedsschwelle an der Scbwelle mit der Ordnungszabl 1.48 
entsprecbenden Wert; die Werte sind 0.024 bzw. 0.028 Lux. Dies 
ist aucb in der Abb. 2 angedeutet. Unser Wert der absoluten 
Scbwelle 0.024 Lux reprasentiert biernacb den ersten Halb- 
scbritt in der Reibe der nacbeinander folgenden TJnterscbieds- 
scbwellen. An. der Scbwelle mit der Ordnungszabl 1.48 ist der 
Yollscbritt dann, wie dargelegt, gleicb 0.029 Lux, d. b. der Halb- 
scbritt ist an dieser, sehr nabe der absoluten Scbwelle liegenden 
Stelle etwas kleiner als der allererste Halbscbritt; der 1. Halb- 
scbritt (d. b. die absolute Scbwelle) ist 0.024 Lux, der Halbsehritt 
an der Stelle 1.48 ist 0.015 Lux. 

Wie die Bestimmungen ergaben, ist der entsprecbende Halb- 
scbritt an der Scbwelle 5.34 dann 0.028 Lux. Die Werte der Halb- 
scbritte scbeinen also von der Scbwelle 1.48 bis zur Scbwelle 5.34 
grosser geworden zu sein. Auf Grund alles Yorgenannten scbeint 
also die absolute Schwelle {in Lux) etwas grosser zu sein als die 
allerersten, in Hirer N achbarschaft liegenden ReizunterscJiied-(Halb-) 
Schwellen, welcbe letztere am natiirlicbsten mit ihr zu vergleicben 
sind. Die Grosse der Unterscbiedsscbwellen diirfte aber dann von 
Scbwelle zu Scbwelle steigen, urn etwa an der 4. bis 5. Scbwelle 
die Grosse der absoluten Scbwelle zu erreicben und um dann fort- 
wabrend immer grosser zu werden. 

Bei grosseren Grundreizen werden dann die Grossen der Un- 
terscbiedsscbwellenreize, gemessen als pbysikaliscbe Licbtinten- 
sitaten, immer grosser; das Yerbaltnis dieser weit iiberscbwelligen 
Unterscbiedsscbwellenreize zu den Grundreizen baben die IJnter- 
sucbungen von Hecht (1935) sowie Steinhardt klargelegt. 

Scbliesslicb soil bier darauf bingewiesen werden, dass das Pro- 
blem des Zusammenbangs einerseits des Verbaltnisses des Unter- 
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schieds- und Gruudreizes sowie andererseits der Wahl der zu ver- 
wendenden physikalischen Reizgrosse von einem von uns in nn- 
derem Zusammenhang bekandelt worden ist (Reenpaa, 1946). 


tJntersuohnng der gegenseitigen Abhhngigkeit der ReizgrosBOn 
LicbtintenBitat und Fl&chengrdsse. 

Diese Untersuchung wurde sowolil an der absoluten Schwelle 
wie an zwei iiberschwelligen Stellen, den Stellen 4 und 10 ent- 
sprecbend den Schwellen mit den Ordnungszablen 2.8 und 5.34 
vorgenommen. Das Interesse bei diesen Yersuchen ricbtete sick 
besonders auf die Untersuchung der Grenzen der Giiltigkeit der 
von Asher, Wald, Crozier u. a. gefundenen, von uns als Ein- 
schrankungsrelation bezeicbneten Regel. 

Die V ersuchsanordnung ist die eingangs beschriebene (Abb. 1). Etc 
Grosse der Lichtflache wurde also mittels der Blenden (I 3 ) eingestellt. 
Da bei diesen Versuchen besonders aber aucb sebr kleine Lichtflacken 
zur Verwendung kommen, wurden an der Apparatur an der Stelle I 3 
auch ganz enge Locbblenden verwendet. Die Intensilat wurde in der 
im vorigen beschriebenen Weise reguliert. Alle Yersuche wnren Daucr- 
versucbe, deren Reizzeitdauer 110 a war. Wie bei den vorbcr be- 
schriebenen, wurden auch bei diesen Yersuchen pro Yersuck 4 nach- 
einanderfolgende Reize gegeben. 

Die Ergcbnissc der Bestimmungen an der absoluten Schwelle 
sind in Tabelle 4 zusammengestellt, Ersichtlich bevegen sich die 
verwendeten Flachcngrossen (f) in sehr weiten Grenzen, von 
0.6G5 qmm bis 1,205 qmm, entsprechend Gesicktswinkeln von 
1.01 bis 44.0 Bogenminuten. Die entsprechende Liclitintensitat 
(L) wird entsprechend dem Steigen der Flachengrossc imincr 
kleiner, anfangs rapide, dann langsamer, so dass das Produlct 
L •{ anfangs ziembch konstant bleibt, bei grosseren Fliichcn aber 
zu wachsen beginnt. Wir seken, dass das Produkt L •£ bis zum 
Knotcnpunktswinkel 2.S7', entsprechend der FHichengrosse von 
etwa 5.35 qmm, von ziemlick konstanter Grosse ist, mit dem Mit- 
telwert 4.02 ^ 0.37 Lux. qmm. Die Einsckriinkungsrelation 
L *f = Konstante, also eine der im vorigen beschriebenen Em- 
schriinkung in zcitlicker Bcziekung entsprechende Relation be- 
treffs der Flackc, gilt also bei der absoluten Schwelle von ganz 
kleincn Licht flaclien his zu einem Grcnzwert, welcher einem Kno- 
tenpunktswinkel von ctwas iiber 2' cntspricht. Das Ergebnis 
stimmt also mit demjenigen von Asher iiberein. 
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Tabelle 4. 

Gegenseitige Abhahgigkeit der Iteizfl5cho f (in qmm) und der BeiziUcht- 
intensilat L (in Lnx) an der dbsaluten Empfindungsschwdle , der Stella 1, 
d = Diameter des Lichtkreises in. mm (in 3 m Entfernnng Ton der Yp.), 
o = cntsprechender Knotenpnnktswinkel in Bogenminnten, f = entsprechende 
FI 5che des Lichtkreises in qmm. 


d 

mm 

3 Bogen- 
minnten 

f 

qtQm 

L ] 

Lnx 

L • f 

Lnx • qmm 

0.92 

1.01 

0.666 

6.38 

4.21 

1.10 

1.21 

O.950 

3.76 

3.57 

1.3C 

1.50 

1,45 

3.22 

4.67 

2.07 

2.28 

3.S5 

1.06 

3.55 

2.G1 

2.87 

5.85 

0.770 

4.12 

4.(5 

5.1 

16.6 

0.295 

4.90 

6.0 

6.6 

28.3 

0.235 

6.86 

8.1 

8.9 

51.5 

0.122 

6.28 

16.1 

17.7 

203. 

0.0426 

8.66 

25.1 

27.C 

495. 

0.0296 

14.65 

40. 0 

44.0 

1,255. 

0.0213 

26.7 


Mittclwcrt dcr L • f-lV'erte, die den f-Wcrtcn 0.C65 bis mifsamt 5.35 qmm 
cntaprechcn: L • f = 4.02 ± 0.87 Lnx • qmm. 


An dcr Stelle 4, also an der Sebwelle mit der Ordnungszahl 2.8 
ivurdcn entsprecbende Vcrsucbe angestellt, deren Ergebnis in der 
Tabelle 5 zusammengestellt ist, Der Hauptreiz batte bier eine 
Flucbengrosse von 5.35 qmm sourie eine Intcnsitat, welcbe der 
Sclivclle 2.8 bei Dauerbelicbtung entspricbt (3.08 Lux). Bei den 
Vergleichsreizen von vcrscbiedcner Flacbengrosse vmrden dann 
die dem Hauptreiz crlebnisiiquivalenten Intensitaten aufgesuebt; 
bier vric in alien unscren Yersucben ivurdcn zebn Reizeinstellungen 
venvcndet, deren Mittelirerfc die Tabellen entbalten. Das Produkt 
L • f selieint bier niebt- besonders gut Constant zu sein, aucb niebt 
bei den kleinsten Lichtflacben. Das Produkt beginnt aber, von 
dcr Flacbengrosse 3.35 — 7.54 qmm an, fortivabrend grosser zu 
werden, entspreebend einem Knotenpunktswinkel von 2 ' bis 3'. 
An der Schivelle 2.8 diirfte das Ergebnis also, obivohl iveniger iiber- 
zeugend, demjenigen an der absoluten, der I. Schivelle ent- 
spreeben. 

Tn dcr Tabelle G sind schliesslicb die an dcr Stelle 10, d. li. 
der Scbwellc 5.34 angcstellten Yersuche zusammengestellt. Aucb 

1'- — iC252i. Acta ;•}; yi. Scar.dir.av. VoF. 12. 
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Tabelle 5. 


Gegenseitige Abhungigkeit der Reizflache f (in qmm) tmd der Reizlicht- 
intensitat L (in Lux) an der Sclucelle mit der Ordnungszahl 2.8, der Stelle 4. 
Die Bezcichnungen sind dieselben vie in der Tabelle 4. 


d 

mm 

3 Bogen- 
minnten 

f 

qmm 

L 

Lux 

L • f 

Lnx • qmm 

1.10 

1.21 

0.960 

14.4 

13.7 

1.3G 

1.60 

1.45 

12.8 

17.7 

2.07 

2.28 

3.86 

5.30 

17.8 

3.1 

3.41 

7.64 

3.14 

23.7 

4.6 

5.1 

16.6 

1.76 

29.1 

6.0 

6.6 

28.3 

1.22 

34.6 

8.1 

8.9 

51.6 

1.28 

65.9 

16.1 

17.7 

203. 

0.96 

195. 

25.1 

27.6 

495. 

0.85 

421. 

40.0 

44.0 

1,255. 

1.04 

1,305. 


Mittelwert der L - f-IVcrte, die den f-Wcrten 0.666 bis jnitsamt 7.64 qmm 
entsprcchcn: L - f = 18.2 + 2.6 Lux • qmm. 


bier hatte der Kauptreiz eine Flacbengrosse von 5.35 qmm und 
cine Intensitat von 7.70 Lux, entspreebend der Schwellenzahl 
5.34. An dieser Schwelle gilt die Einscbrankungsrelation L'f = 
Konstante ziemlicb gut bis zu der Reizflache von 7.54 qmm, ent- 
Bprechend einem Ivnotenpunktsvnnkel von 3.41'. Es ist befrem- 
dend, dass der Wert des Produktes L-f an der Schwelle 5.34 blei- 
ner als an der Schwelle 2.8 ist. Die Ursache dieses Verhaltens 
diirfte daran liegen, dass die Versuche an der Schwelle 2.8 (wic 
auch an der absoluten Schwelle) unter Yerwendung eines schwach 
fluorcscierenden Eixationspunktes, die Yersuche an der Schwelle 
5.34 dagegen, wegen der Starke des Reizes, ohne Fixationspunkt 
ausgefuhrt wurden. 

Zusammenfassend sehen wir aus den Tabellen 4, 5 und 6, dass 
die Einscbrankungsrelation der Fliiche bei den Schwellen mit den 
Ordnungszahlen 1. (der absoluten Schwelle), 2.8 und 5.3 bis zu 
Flachengrossen gilt, deren Knotenpunktswinkel ctwa 2' bis 3 
sind. 

Dieses Ergcbnis scheint im Zusammenhang mit einem Ergeb- 
nis von Toxxer (1913) iiber die Grosso der sog. Empfindungs- 
fluchc eines Lichtpunktes zu stehen. Tonxer bezcichnet als den 
Durchmesser der Empfindungsflache diejenige Strecke, die ein 
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Tabelle 6. 


Gegenseitige AbhSftgigkeit der Reizflache f (in qmm) nnd der Reizlicbt- 
intensitat L (in Lux) an der Schwelle mit der ■ Ordnungszahl 5.34, der 
Stelle 10. Die Bezeichnungen sind dieseiben vie in der Tabelle 4. 


d 

mm 

6 Bogen- 
minuten 

f 

.qmm 

L 

Lux 

L • f 

Lux • qmm 

0.92 

1.01 

0.666 

11.24 

7.48 

1.10 

1.21 

0.950 

7.80 

7.41 

1.36 

1.60 

1.46 

6.48 

9.40 

2.07 

2.28 

3.35 

2.35 

7.87 

2.61 

2.87 

5.85 

1.73 

9.26 

3.1 

3.41 

7.64 

1.18 

8.62 

4.8 

4.7 

14.6 

0.927 

13.5 

5.8 

6.4 

26.4 

0.64 0 

14.8 

8.3 

9.1 

54.0 

0.860 

18.9 

10.6 

11.7 

88.4 

0.832 

29.8 

16.0 

17.6 

201. 

0.801 

60.5 

21.2 

23.8 

353. 

0.282 

99.6 

26.7 

29.4 

560. 

0.262 

147. 

1 29.4 

32.3 

680. 

0.261 

178. 


Mittelwert der L • f-Werte, die den f-'Werten 0.G65 bis mitbamt 7.54 qmmi 
entsprccben : L • f = 8.82 ± 0.737 Lux • qmm. 


leuchtender kleiner Kreis bewegt vrerden muss, urn pbanomenal 
um seinen eigenen Durcbmesser welter verschoben zu erscbeinen. 
Betreffs der Bestimmung dieser Grosse verweisen wir auf die 
Abbandlung von Tonner (seine 2. Mitteilung). Die Empfindungs- 
flache von Tonner isfc also die Grosse der pbanomenalen Minimal- 
flacbe, diejenige Elacbe, die als eine Ganzbeit empfunden wird, 
und sie entspricbt bei optimalen TJnterscbeidungsverbaltnissen 
einem Knotenpunktswinkel von 72 — 73". Die Grosse der Emp- 
findungsflacbe zeigt eine Abbangigkeit von der Punktbelligkeit. 
Bei schwacb belicbteten Punkten war die Grosse der Empfin- 
dungsflacbe grosser (120"), bei mitfcleren Helligkeiten war sie von 
der Grosse 72 — 73". Da der Zapfendurebmesser in der Eovea (im 
Mittel 2.5 fi) einem Knotenpunktswinkel von 30" entspricbt, be- 
tragt der Durcbmesser der Empfindungsflacbe also 2 bis 3 Zap- 
fendurcbmesser. Auf Grand dieses Befundes sowie anderer, sebr 
aufscblussreicber Ergebnisse gibt Tonker ein Schema der mog- 
lichen Empfindungsflacbe der Fovea. Nacb ibm diirfte sie aus 
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cinem Zentralzapfen und 6 Kranzzapfen bestehen. Die kleinste 
Empfindungsflacbe eines punktformigen Objektes berube also auf 
der Erregung von mebreren, wahrscheinlich 7 Zapfen. Die Wir- 
kungseinbeit der Sebspbare -ware diese Zapfengruppe. 

Unsere Bestimmungen der Grenze der Giiltigkeit der Ein- 
schriinkungsrelation der Elachen ergaben als Obergrenze eine 
Flacbe, die einem Knotenpunktswinkel von etwa 2 bis 3' = 120 
bis 180" entspricbt. Wir seben, dass die Obergrenze des Knoten- 
punktswinkels der Elacbengrosse der Giiltigkeit der Einschran- 
kungsrelation etwas grosser ist als die Grosse des entsprecbenden 
Winkelmasses der optimalen Empfindungsflacbe von Tonner. 
Unsere Bestimmungen sind bei niedrigeren Licbtintensitaten aus- 
gefubrt worden, die ToNNER’scben an starkeren. Unter Bertick- 
sicbtigung dessen, dass die Empfindungsflacbe mit sinkender 
Licbtintensitiit steigt, diirfte man der grossenordnungsgemiissen 
Ubereinstimmung zwischen Umfang der Empfindungsflacbe und 
Geltungsbereicb der Einschrankyngsrelation eine der zeitlicben 
Einscbriinkungsrelation abnlicbe Interpretation geben konnen. 

Die Yersucbe, bei denen Intensitiit und Zeitdauer des Reizes 
variiert •\vurden, ergaben als Resultat, dass bei phiinomenal in 
alien Beziebungen minimalen Empfindungen, also betreffs aller 
pbanomenalen Dimensionen der absoluten Empfindungen, aber, 
obwobl iveniger genau, aucb betreffs der Intensitatsdimension 
iiberscbvelligen aber betreffs der Zeitdimension phiinomenal 
momentanen Empfindungen, die Reizproduktenregel Intensitiit 
mal Zeit gleich einer Konstante (L • t = Konstante) gilt. Es ban- 
dclt sicb bier also um in zeitlicher Beziebung plianomenal-momcn- 
tanc Erlcbnisse. Ausscrhalb des momentanen Zeitgebietes, wo die 
Zeitdauer und die Intensitiit zum Teil als gesonderte Phiinomena- 
litiiten erlebt werden konnen, gilt die Produktenregel nicbt mebr. 

Die Vcrsuche iiber die gegenseitige Abhiingigkeit der Reiz- 
grossen Intensitat und Fliichengrosse baben ein in einer vielleicbt 
bedeutungsvollen Beziebung gleicbartiges Ergebnis gezeitigt. Sie 
ergaben, dass bei sotcoJil belrcjfs der phanomcnalcn Fliichengrosse 
ah der Intensitiit minimalen, me betreffs nu r der crsUjcnanntcn 
Phnnomcnalitiit minimalen Rcizcn, die Produldcnrcgcl Intensitiit 
mal Fliichengrosse gleich einer Konstante (L • f — Konstante) gilt ■ 
liter handclt es sich also um in riiumlichcr {in fliichcngcmiisser) 
Beziebung phiinomenal-punlducllc Erlcbnisse. Und aucb bier gilt 
die Produktenregel nicht mchr ausscrhalb dieses *punktucllen« 
Flacbe ngebietes, also ausserlialb der Fliichc des Empfindungs- 
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Einschrankungsrelation), was ein Hinweis darauf ist, -wo und in 
welcher Weise die Genese, das Aufkommen der die Phanomena- 
litaten, die Beobachtungen beschreibenden begrifflicben (Reiz-) 
Grossen zu sucben ist. 


Zusammenfassung. 

1. Auf dem Gebiete des Gesiclites haben Bloch, Charpentier, 
v. Ivrtes und Pieron gezeigt, dass in den Reizausdriicken, die der 
phanomenalen absoluten Empfindungsschwelle entsprechen, das 
Produkt der Reizgrossen Lichtintensitat L (welche eine Grosse von 
der Dimension einer Leistung ist) und Zeitdauer t eine Konstante 
ist: L • t = E t , wobei Ei die konstante Energie des Minimalreizes 
bedeutet. Die Regel gilt genau bis zu Zeitdauern von 100 bis 120 a. 

2. Eine der obigen Relation ahnliche Beziehung in betreff der 
Reizgrossen Lichtintensitat L und Flachengrosse f hat Asher ge- 
funden. Entsprechend der phanomenalen absoluten Empfindungs- 
schwelle gilt die Beziehung L-f = L lt wobei Lt eine konstante 
Grosse bezeichnet, die von der physikalischen Dimension einer 
Leistung ist. Diese Beziehung gilt nur fur Flachen, die kleineren 
Knotenpunktswinkeln als etwa 2' entsprechen. 

3. Wir untersuchten erneut die gegenseitige Abhangigkeit der 
Reizgrossen Intensitat und Zeit bzw. Fliiche entsprechend der ab- 
soliitcn sowie einiger iiberschwclliger Empfindungsstellen. Beson- 
ders wurde bei unserer Untersuchung den Grenzen der Giiltigkcit 
der Regeln Aufmerksamkeit geschenkt. 

4. Das Ergcbnis der Yersuche betreffs der Reizgrossen Licht- 
intensitat und Zeitdauer bestatigte die Giiltigkcit der Produkten- 
regcl L • t = E t entsprechend dcr absoluten Empfindungsschwelle, 
bis zu Reizzeitdauern von 100 a. Bei iibcrschwelligcn Empfindun- 
gen gilt entsprechend den Schwellen mit den Ordnungszablen 2.8, 
5.3-J und 8.43 niikerungsweise auch eine Produktenregel: L't = 
E 0 , wobei E n die der n-ten Schwelle entsprcchende Reizenergic 
bedeutet. Die Zeitgrenze des Geltens dieser Regeln ist etwa 40 a- 

5. Es wurden Yersuche nngestellt, um zu erfahren bis zu 
welcher Zeitdauer der Reize die Lichtempfindungen phenomenal 
als momentan empfunden werden. An der absoluten Empfindungs- 
schwelle erstreekt sich dieses Gcbiet bis zu Zeitdauern von 120 a, 
bei den uberschwelligen Empfindungen bis zu 20 — 30 a. Bei alien 
Schwellen schcinen also die oberen zeitlichen Grenzen cinerscits 
der Giiltigkcit der Produktenregeln und andererseits von der 


1 
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p hano menalen Momentanitat, ungefabr an derselben Zeit-Stelle 
zu liegen, 

6. Das Ergebnis der Untersucbung der Abbangigkeit der Reiz- 
grossen Intensitat und Elacbengrosse war eine Bestatigung des 
AsHER'schen Befundes vom Gelten der Produktenregel L • f = 
Konstante, entsprecbeud der absoluten Empfindungsschivelle und 
bis zu Elacbengrossen die einem Knotenpunktswinkel von 2 — 3' 
entsprecben. An den untersucbten uberscbwelligen Stellen mit den 
Ordnungszahlen 2.8 und 5.34 gelten analoge Produktenregeln und 
auch hier bis zu einer Flacbengrosse von derselben Grosse. 

7. Tonner bezeicb.net als Empfindungsflacbe die Grosse der- 
jenigen Elacbe, die der pbanomenalen Punktualitat entspricbt. 
Sie entspricbt bei optimalen Unterscbeidungsverbaltnissen einem 
Knotenpunktswinkel von 72 — 73". Unsere Bestimmung der 
Grenze der Giiltigkeit der Produktenregel der Flacbe ergab als 
Obergrenze eine einem Knotenpunktswinkel von 2 — 3' ent- 
sprechende Elacbe. Da die Empfindungsflacbe mit sinkender 
Licbtintensitat grosser wird und da unsere Versucbe mit kleine- 
ren Lichtintensitaten als diejenigen der Bestimmung der optima- 
len Empfindungsflacbe ausgefiibrt sind, diirfte die Produktenre- 
gel nur dann gelten, wenn es sicb um in raumlicber Beziebung 
'phanomenal furiktuelle Erlebnisse bandelt. 

8. Die Zusammenfassung der beiden Produktenregeln, die all- 
gemeine Einschrankungsrelation L • f • t = Konstante, welcbe ge- 
nau nur dann gilt, wenn es sicb um pbiinomenal in alien Beziebun- 
gen minimale Erlebnisse bandelt, gibt an, dass die das Erlebnis 
begrifflicb wiedergebenden Reizgrossen der Licbtintensitat, der 
Eliickengrbsse und der Zeit einander gemass der Produktenregel 
linear einsebranken. Auf die Bedeutung dieses pbanomenal-funk- 
tionellen Ausdrucks betreffs der Genese und der Bedeutung der 
die Pbiinomenalitaten, die Beobacbtungen besebreibenden be- 
grifflichen (Reiz-)Grossen wird bingewicsen. 
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In previous investigations (Nielsen 193G) it was shown Hint 
the increase in pulmonary ventilation in exercise is not caused by 
an increase in CO.-tension or in acidity of the blood, but is due to 
an. augmentation of the excitability (lowering of the threshold 
value) of the respiratory centre towards CO.. It was shown, 
further (Asmussen, Christensen and Nielsen 1943), that the 
increase in excitability of the centre during light work is not of 
humoral hut of nervous origin. In other experiments (Asmussen, 
Nielsen and Wieth-Pkdersen 1943) it was demonstrated that 
the nervous influence on the centre was not duo to cortical impul- 
ses, and it was concluded that the increase in excitability of the 
respiratory centre was caused by reflexes arising in the exercising 
parts of the body. This conclusion is supported by experiments of 
Harrison, Calhoun and Harrison (1932) who showed on dogs 
that passive movements of the hindlegs, which were only in 
Nervous connection with the rest of the body, produced a small 
mcrease in ventilation. Comroe and Schmidt (1943) have re- 
peated and extended the experiments of Harrison et al. and 
have also reached the conclusion that proprioceptive impulses 
from the moving limbs play a part in the increase of pulmonary 
ventilation during muscular work. 

In the above mentioned experiments in which the increased 
excitability of the respiratory centre during muscular work was 
analyzed, the work was carried out only at small intensities. 
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In heavy work it has been shown (Nielsen and Hansen 1937), 
that the ventilation can be lowered very considerably by breathing 
air enriched with oxygen whereas oxygen breathing has no such 
effect on the ventilation at small work intensities. Since it is un- 
likely, that oxygen breathing should affect the proprioceptive re- 
flexes in heavy work, but not in light work, it seems justifiable to 
assume that other factors are involved in the regulation of re- 
spiration in heavy work. 

It is characteristic for heavy work that the oxygen supply to 
the working muscles begins to become inadequate. It might there- 
fore be supposed that substances liberated in muscles working 
under partly anaerobic conditions act on the respiration and that 
the above mentioned effect of oxygen breathing on the ventilation 
is due to a more adequate oxygen supply diminishing the produc- 
tion of anaerobic metabolites. 

In the present paper this problem has been submitted to a 
closer examination. Different kinds of work in which a beginning 
inadequacy of the oxygen supply is to be ejected, i. e. heavy 
work with large muscle groups (bicycling), work with small 
muscle groups (work with the arms) and work in light CO-poison- 
ing, have been studied. The blood lactate has been used as an 
indicator of the degree of the anaerobiosis. 

Methods. 

The work was carried out on a ICrogh bicycle ergometer, which 
for work with the arms could be modified in such a way, that the 
subject sitting on a high stool could turn it by means of a couple 
of handles replacing the pedals (compare Christensen 1931 and 
Nielsen 1938). The pulmonary ventilation and the respiratory 
metabolism were determined by the Douglas-bag method. The 
respiratory frequency was registered on a drum and the alveolar 
gas tensions calculated by means of Bohr’s formula. 

The blood lactate was determined according to Edwards (1938) 
on capillary blood from a finger or, during work with the arms, 
from the ear lobe. Determinations of arterial oxygen saturation 
were made on arterialized capillary blood: The hand was hy- 
perncmized by means of hot water (40 — 47° C.) for 5 minutes and 
the blood samples were taken into 0.5 cc syringes from small 
celluloid tubes fixed to the finger tip as described by Mo OK (1931) 
and Boje (1934). The dead space of the syringes was filled with 
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a solution of heparin in 0.9 % NnCI and the syringes calibrated to 
deliver a known volume (about 0.5 cc) of blood. The blood was 
transferred directly from the syringes into the cup of the Van 
Slyke apparatus and analyzed for oxygen content. The oxygen 
capacity of the blood was determined on another blood sample 
that had been rotated for about 15 minutes in air. 

In experiments, in which pure oxygen or gas mixtures different 
from air were breathed, the inspiratory side of the valve was con- 
nected with a Douglas bag that could be properly filled from cy- 
linders containing the gases. 

As main subject served a young well trained man, and the ex- 
periments were all carried out in the morning under standard 
conditions. 

Results. 

Tig. 1 shows the pulmonary ventilation (V s1 : 37° C., prevailing 
barometric pressure and saturated) during work with the legs 
(bicycling) in relation to the oxygen consumption. The upper 
curve represents the air breathing experiments and the lower 
curve the 0. breathing experiments. In the latter experiments 
the oxygen uptake was not determined, but was assumed to be 
equal to the oxygen uptake at corresponding work intensities 
while breathing air. This assumption is correct for light and 
moderate work, but in heavy work the oxygen uptake is some- 
what larger. However, at work intensities in which a steady state 
can be reached this difference is small only (compare Nielsen 
and Hansen 1937). The curve representing the experiments in 
air shows an approximately linear relationship between V 31 and 
oxygen consumption up to about 2.2 1 0 2 /min. At higher oxygen 
consumptions the curve shows a relatively larger increase of V„ 
as related to the O.-uptake. At the small work intensities the 
ventilations in the oxygen experiments are almost the same as 
in the air experiments or showing a tendency to be a little higher. 
But at oxygen consumptions above 1.1 1/min. the ventilations in 
the oxygen experiments become lower than in the air experi- 
ments and the difference is increasing, absolutely and relatively, 
up to the maximal oxygen consumption of 3.6 1/min, where the 
difference is 30 1/min or 31 pOt. of the ventilation while breathing 
air. At the highest work intensities (oxygen consumptions from 
3 1/min. and upwards) also the curve representing the oxygen ex- 
periments rises more steeply than at the lower work intensities. 
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Fig. I. Ventilntion (37° 0., prevailing bar. pressure, saturat.) in relation to 
oxygen uptake. 'Work with the legs. 

X • — X in air. 

• — • in 100 pCt. oxygen. 


Fig. 2 shows the ventilation, V 3T , from the experiments in which 
work was performed with the arms, plotted against the oxygen 
consumptions. For comparison the curves from fig. 1 are here re- 
drawn ns dashed lines. It will be seen that the curve representing 
the experiments in air lies for the whole range studied above the 
curves representing the experiments in which work was performed 
with the legs. A relatively high lung ventilation for arm-work 
compared with leg-work has been demonstrated earlier by Chris- 
tens ex (1932). Further it can be seen that above a certain work 
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Fig. 2. Ventilation (37° C., prevailing bar. pressure, saturat.) in relation to 
oxygen uptake. 

Full lines: work with tho arms. 

Dashed lines: work with the legs (experiments from fig. 2). 

X — X in air. 

• ■ — • in 100 pCt. oxygen. 


intensity oxygen breathing also during work with the arms di- 
minishes the ventilation. This effect of the oxygen breathing is 
at all oxygen consumptions, both absolutely and relatively, larger 
than during work with the legs. 

In fig. 3 are presented the alveolar GO z tensions corresponding 
to the experiments in fig. 1 and fig. 2. It can be seen that the 
CO.-tensions from the experiments in which work was performed 
with the legs while breathing air is constant or slightly increasing 
up to an oxygen consumption of about 2 1/min. At higher oxygen 
consumptions it decreases steadily to values well beneath the 
resting pCO.. In the corresponding oxygen experiments the al- 
veolar pCOj is during rest and at small work intensities a little 
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Fig. 3. Alveolar CO.-tensions at various oxygen uptakes. 

Full lines: work -with the legs, x — X in air, • — • in 100 pCt. oxygen. 

Dashed lines: work with the arms. -) (- in air, O — O in 100 pCt. 

oxygen. 

lower than in the air experiments. From oxygen consumptions 
of about 1 1/min. it becomes higher than in the corresponding air 
experiments and is steadily increasing up to a value of about 
47 mm Hg (at an oxygen consumption of about 2.6 1/min.) after 
which a slight decrease sets in. When work is performed with the 
arms the pC0 2 is considerably lower than in the leg-work ex- 
periments, and similar differences between the air experiments 
and the oxygen experiments are found in these experiments. 

In fig. 4 the blood lactates from the experiments in fig. 1 and 2 
are plotted against the oxygen consumption. The blood samples 
were taken after 10, resp. 17 minutes of work, i. e. just before 
and just after the determination of the ventilation was made. 
The points in fig. 4 represent the averages of these two values. 
In the leg work experiments in air the blood lactate shows a steep 
increase from oxygen consumptions of about 2 1/min., but a 
comparison between the oxygen and the air experiments shows 
that, the two curves separate already at an oxygen consumption 
of about- 1.2 1/min., t. e. at the same value at which the ventilation 
curves (fig. 1) are separating. With increasing oxygen consump- 
tions the difference between the blood lactate concentration in the 
air experiments and the oxygen experiments increases also. At an 
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Fig. 5. Blood lactate concentration during work with the legs (1,440 mkg/min.) 
while breathing: • — • air, x — X 30 pCt. oxygen, O — O <>0 pCt. 
oxygen and H f- 100 pCt. oxygon. 

At the right ordinate are shown tho corresponding ventilations (V,?) 
determined at tho points of time indicated by the arrows. 

Table 1 shows ventilations (V 37 ) and blood lactates from work 
experiments in which the oxygen supply was hampered by C0- 
poisoning (about 30 pCt. HbCO). The figures from the treadmill 
experiments are taken from experiments which were carried out 
for other purposes by Asmussen and Ciuodi (1911). It can be 
seen, that the two subjects act differently. In subject E. A. there 


Table 1. 
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is only a small increase in the blood lactate in the CO-poisoned 
condition and a corresponding small increase in the ventilation 
and in the ventilation per 1 oxygen uptake. In the less well- 
trained subject H. C. there is a large increase in the blood lac- 
tate during CO-poisoning and, corresponding to this, the ventila- 
tion per 1 oxygen uptake is considerably increased and the al- 
veolar pC0 2 diminished. 


Discussion. 

The results presented in this paper show that during work in 
which the blood lactate concentration is increased e. g. heavy 
work with the legs, work with the arms and work in light CO- 
poisoning, the pulmonary ventilation is relatively high. It is 
further shown that oxygen breathing diminishes the blood lactate 
concentration and at the same time causes a decrease in the ven- 
tilation. This effect on blood lactate and the ventilation is grad- 
ually increasing with increasing oxygen percentage of the in- 
spired air (fig. 5). Also the CO-experiments (table 1) show a rel- 
atively much increased ventilation in the cases where the blood 
lactate concentration was considerably increased, whereas the 
CO-poisoning had only a slight effect on the ventilation when the 
increase in blood lactate concentration was small. All these re- 
sults suggest a close relationship between the degree of anaerobio- 
sis in the working muscles, as indicated by the blood lactate con- 
centration, and a relatively high ventilation. It is, therefore, nat- 
ural to assume that some substance produced in the working 
muscles under partly anaerobic conditions increases the ventila- 
tion and that the effect of oxygen breathing on the ventilation is 
due to a reduced formation of such substances. 

It is, however, necessary to investigate whether the above 
mentioned effect of oxygen breathing on the ventilation can be 
explained in other ways. It is well known, that a diminished ar- 
terial oxygen tension stimulates the ventilation through its action 
on the chemoreceptors of the aortic and carotid bodies. If the ar- 
terial oxygen saturation in heavy work were lowered the effect 
of oxygen breathing might therefore be explained as due to a 
diminished reflex activity of these chemoreceptors. In a series of 
experiments the arterial oxygen saturation was therefore de- 
termined in rest and during the heaviest work (1,440 mkg/min.). 
In 12 rest experiments it was found to be on an average 97.5 + 

13 — 5G 252-4. Acta phys. Scandinav. VoL 12. 
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0.G pCt. arid in 22 work experiments 95.7 4; 0.7 pCt. The small 
difference between the results from the two series of experiments 
is probably trustworthy, but an arterial oxygen saturation as high 
as 95.7 pCt. can not be assumed to increase the reflex activity 
of the chemoreceptors to any significant degree (compare Euler, 
Liljestrand and Zotterman 1939). From this it is concluded 
that the effect of oxygen breathing on the ventilation during 
heavy work is not due to an elimination of a pre-existing oxygen 
lack in the arterial blood. 

During heavy work oxygen breathing diminishes the lactic acid 
formation very considerably, and it might be thought that a de- 
creased acidity of the blood were the reason for the lowering of 
the ventilation during oxygen breathing. It has been shown, how- 
ever (Nielsen 1936), that during oxygen breathing (45pCt.)the 
ventilation in heavy work is decreased to such a degree that the 
acidity of the arterial blood, because of the increase in the al- 
veolar pCO., is actually higher during oxygen breathing than du- 
ring breathing of normal air. The effect of oxygen breathing, there- 
fore, can not be due to a decrease in acidity of the arterial blood. 
Nor is it — as w-ill be shown later (page 185) — due to the decrease 
in the concentration of the lactic acid itself. 

Also in the present experiments the alveolar pCO. in heavy 
work was found to be much higher during oxygen breathing than 
duiing breathing of ordinary air (fig. 3). It might therefore be 
thought that oxygen breathing in heavy work causes a diminishing 
of the excitability of the respiratory centre towards CO.. But in 
that case it seems peculiar that oxygen breathing during rest and 
during light work should apparently have the opposite effect on 
the excitability of the respiratory centre as indicated by the 
position of the curves in fig. 1 and fig. 3. In order to study more 
closely the effect of oxygen breathing on the respifatory centre 
at low and high ventilations two series of experiments were per- 
formed in which the ventilation in rest was increased by means 
of CO- breathing. In one series the CO. mixtures consisted of CO, 
and ordinary air and in the other series of CO. and oxygen. The 
CO.-breathing experiments were carried out by the same tech- 
nique as described by Nielsen (1936) and special care was 
taken to insure that the determinations were not made before 
an equilibrium between the alveolar pCO. and the ventilation 
had been reached, i. c. after about 45 minutes at the high CO, 
percentages. 
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aJv. pC0 2 mm/Zp 

Fig. 0. The ventilation in rest at various alveolar CO, -tensions. 

X — y. breathing mixtures of CO, and air. 

• — • breathing mixtures of CO, and oxygen. 

Tho figures indicate number of single determinations. 

The average values from these experiments are presented in 
fig. 6. It can he seen that the pulmonary ventilation at the high 
alveolar C0 2 -tensions is somewhat lower in the oxygen experi- 
ments than in the air experiments. This effect of high oxygen 
on the ventilation at increased C0 2 -tension has formerly been 
demonstrated by Lindhard (1911). At the starting values (no 
C0 2 in the inspired air) and at small increases in the C0 2 tensions 
the oxygen has the opposite effect, i. e. the ventilation is a little 
higher in the oxygen experiments than in the air experiments. 
Also in Lindhards experiments there is a small decrease in the 
alveolar pC0 2 and a slight increase in the alveolar ventilation at 
the starting values when breathing oxygen. A small increase in 
the ventilation during oxygen breathing has also been found by 
other authors (compare review by Bean 1945). The effect of the 
oxygen in the C0 2 -experiments is to some extent similar to the 
effect of oxygen during the work experiments (fig. 1 and fig. 3). 
At the high ventilations oxygen breathing causes in both cases a 
lowering of the ventilation and an increase in the alveolar pC0 2 , 
but the effect is much larger during work than during C0 2 - 
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breathing. In rest and at low ventilations oxygen breathing in 
both cases causes a small increase in ventilation and a lowering 
of the alveolar C0 2 -tension. 

The intersecting curves in the C0 2 -experiments (fig. 6) can be 
explained in the way that a high oxygen tension acts on the re- 
spiration in two different ways, viz. directly on the respiratory 
centre and reflexly through the chemoreceptors. It is well known 
that low oxygen tensions increase the ventilation through a 
stimulation of the chemoreceptors, whereas it has a depressing 
effect on the respiratory centre itself, as shown by the fact that 
breathing of low oxygen decreases the ventilation, when the 
chemoreceptors have been denervated. The effect of high oxygen 
tensions on the chemoreceptors is a depressing one (Euler, Lil- 
jestrand and Zotterman, 1939) whereas the effect on the re- 
spiratory centre itself is to increase its activity, as indicated by 
the experiments of Watt, Dumke and Comroe (1913), who 
showed that oxygen inhalation increases -the ventilation when the 
chemoreceptors had been denervated. Since in normal man oxy- 
gen breathing in rest and in conditions with moderately elevated 
respiration (fig. G) increases the ventilation and diminishes the 
alveolar pC0 2 it must be assumed that the activating effect of the 
high oxygen tension on the centre here overbalances its depressing 
effect on the chemoreceptors (compare Berntiial 1914). The fact 
that oxygen breathing at the high CO»-tensions (fig. G) lowers the 
ventilation can be explained in the way, that the depressing effect 
of the high oxygen tension on the chemoreceptors here over- 
balances the activating effect on the centre. In the normal resting 
condition the activity of the chemoreceptors is only slight, so 
that a depressing effect of high oxygen tensions is possible only 
to a very limited degree. With increasing C0 2 -tcnsions the ac- 
tivity of the chemoreceptors is increasing (Euler, Ltljestrand 
and Zotterman 1938 a. o.) so that the depressing effect of high 
oxygen tension may be able to have a more pronounced effect 
on the ventilation. This explanation is only possible if one as- 
sumes that high oxygen tensions and high CO : -tensions act on 
the same elements in the chemoreceptors. That this is the case 
is supported by the observations of Euler, Liljestrand and 
Zotterman (1939), that oxygen want and CO. surplus act on 
identical receptors. 

The effect, of oxygen breathing on the ventilation during work 
can be explained in a similar way ns during CO.-breathing. 1 he 
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tendency to an increase in ventilation and the lowering of the 
alveolar pCO» during light work (fig. 1 and 3) can be explained 
by assuming that the activating effect of the high oxygen tension 
on the respiratory centre overbalances the depressing effect on 
the chemoreceptors. The large decrease in ventilation caused by 
oxygen breathing in heavy work can, according to the above, be 
explained by the assumption, that oxygen breathing during 
heavy work has two distinct effects, namely 1. to diminish the 
anaerobic production of substances which increase the ventilation 
as mentioned on page 179 and 2. to depress the effect of such sub- 
stances on the chemoreceptors — • just as it was assumed that 
oxygen breathing depresses the chemoreceptor activity, when this 
is increased by high COj-tension. 

This assumption also offers an explanation to the finding that 
oxygen breathing has a relatively greater effect on the ventilation 
in work performed with the arms than in work with the legs (fig. 2) 
in spite of the fact that in the former ease the effect on the anaero- 
biosis — as indicated by the concentration of the blood lactates 
(fig. 4) — seems to be the smaller: The higher blood lactate con- 
centration during arm work suggests a higher chemoreceptor 
activity, so that the depressing effect of oxygen breathing can 
be more pronounced. 1 

From the present experiments it is concluded that during heavy 
work some substance which increases the ventilation via the ar- 
terial chemoreceptors is produced in the working muscles. The 
occurrence of this substance seems to be rather closely correlated 
to the concentration of lactic acid in the blood. It seemed possible, 
therefore, that the substance might be lactic acid itself. This 
possibility has been studied in experiments, the results of which 
are presented in fig. 7. 

In experiment I the inspired air was normal atmospheric air 
from the beginning of the experiment until a steady state of 
ventilation had been reached, when the inspired air was suddenly 
changed from air to pure oxygen. After five minutes of oxygen 
breathing (16 min. of work) the inspired air was again suddenly 
changed to ordinary air. In experiment II the inspired air was 
pure oxygen from the beginning, and the change to ordinary air 


1 When the ventilation in light arm-work, where oxygen-breathing apparently 
has no effect, is somewhat higher than during work with the legs, it might bo duo 
to differences in the proprioceptive reflexes from the limbs in the two kinds of 
work. 
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fig. 7. The ventilation (V 3 ,) and tho blood lactato concentration during work 
with tho legs (1,440 mkg/min.). 

Experiment I (• — • ): start while breathing air (full lines); after II 
min. sudden chnngo to 100 pCt. oxygon (dashed lines) and after 10 min. 
back to air breathing (full lines). 

Experiment II (X — X): start while breathing 100 pCt. oxygen (dashed 
lines); after 10 min. chango to air (full lines). 


was made at tlie same point of time in the experimental period 
(1G min. of work) at which the oxygen breathing in experiment I 
was again changed to ordinary air. 

The experiments show that the ventilation in experiment I at 
the change to oxygen breathing suddenly decreases to practically 
the same value as in experiment II whereas the lactate concentra- 
tion is only slightly affected during the five minutes of oxygen 
brenthing. The sudden decrease in ventilation can be explained 
as the result of the depressing effect of the high oxygen tension 
on the cliemoreceptors and a rapid decrease in concentration of 
the active substance. At the change from oxygen breathing to 
air breathing the ventilation in both experiments increases at first 
rapidly and then approaches values slightly above the values in 
experiment I before the change to oxygen breathing was made. 
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This change in ventilation can be explained as being due to the 
sudden disappearance of the depressing effect of the high oxygen 
tension, and to a rapid increase in the concentration of the active 
substance to values corresponding to air breathing conditions. 

The blood lactate is during the air breathing (after 16 min. of 
work) considerably higher in experiment I than in experiment II 
(up to about 35 mg%), and, if anything, the ventilation is the 
highest in the experiment in which the lactate concentration is 
the lowest. From this it is concluded that the active substance 
which increases the ventilation is not lactic acid. 

In the present investigation an identification of the active sub- 
stance has not been attempted, but it can be said that the sub- 
stance is produced in increasing amounts by increasing anaero- 
biosis in the muscles, and that it has properties allowing it to ap- 
pear and disappear much more rapidly from the blood stream than 
the lactic acid. 

From previous investigations the increase in pulmonary ven- 
tilation during light work (see the introduction) is assumed to be 
due to an increased excitability (lowered threshold value) of the 
respiratory centre towards C0 2 caused by reflex impulses from 
the limbs. The oxygen experiments in fig. 3 (work with the legs) 
seem to show that the reflex impulses in this subject are respon- 
sible for the increase in ventilation only up to work intensities 
corresponding to oxygen consumptions of about 1 1/min. At higher 
work intensities the alveolar pC0 2 in the oxygen experiments is 
increasing up to work intensities corresponding to oxygen con- 
sumptions of about 2.5 1/inin. The increase (about 9 mm) is so 
large that a corresponding increase in the alveolar pC0 2 during 
C0 2 -breathing in rest would increase the ventilation 23 1/min. 
(compare fig. 6) i. e. the same increase in ventilation as occurs 
when tbe oxygen consumption during work (fig. 1, oxygen breath- 
ing) is increased from 1 1/min. to 2.5 1/min. Consequently in 
this range of work intensities the increase in pulmonary ventilation 
in this subject while breathing oxygen can be explained in the 
classical way as due to an equilibrium being established between 
an increased alveolar pC0 2 and an increased ventilation, so that 
in this range the excitability (threshold value) of tbe centre re- 
mains constant. At oxygen consumptions higher than 2.5 1/min. 
the alveolar pC0 2 is again lowered, presumably because the con- 
centration of the active substance discussed in this paper be- 
comes so high that in spite of the depressing effect of the high 
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oxygen tension (compare page 183) it now stimulates the chemo- 
receptors and causes the further increase in ventilation. 

In the air breathing experiments the alveolar pCO.. in rest and 
during work is nearly constant up to very considerable work in- 
tensities. As there is no reason to believe that the reflexes from 
the working limbs during normal conditions and during oxygen 
breathing are different and as there is no essential increase in the 
normal chemical stimulus for the respiratory centre (arterial pC0 2 ) 
it is likely that the further increase in ventilation — corresponding 
to oxygen consumptions of about 1 1/min. and upwards — is due 
mainly to an increasing concentration of the active substance 
produced under partly anaerobic conditions (compare fig. 1 and 
fig. 4). 


Summary. 

The regulation of the respiration has been studied in different 
kinds of muscular exercise, in which the muscles are working un- 
der partly anaerobic conditions, viz.: heavy work with the legs, 
work with the arms and work in light CO-poisoning. 

It is shown that a close relationship between the degree of 
anaerobiosis — as indicated by the concentration of the blood 
lactates — and a relatively high lung ventilation exists. 

It is further shown that when the muscles are working under 
partly anaerobic conditions (increased blood lactate concentration) 
oxygen breathing lowers the concentration of the blood lactates, 
and the ventilation, and that the lowering is proportional to the 
percentage of the oxygen in the inspired air. In rest and during 
light work (no increased blood lactate concentration) the breathing 
of oxygen on the other hand tends to produce a slight increase in 
ventilation and a decrease in alveolar pCOj. 

The effect of oxygen breathing on the ventilation during partly 
anaerobic work is not due to a decrease in acidity (see page 180) 
of the arterial blood or to the elimination of a previously existing 
arterial unsaturation. 

It is made probable, that the different effect of oxygen breathing 
in light and heavy work is due to the circumstance that oxygen 
breathing acts on the respiration in two different ways, viz. ac- 
tivating on the respiratory centre itself, and depressing on the 
activity of the chemoreceptors. It is assumed that in rest anti 
during light work in which the activity of the chemoreceptors is 
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kreises (Tonner), wo die Flacbengrosse und die Intensitat als ge- 
sonderte Pbanomenalitaten erlebt werden konnen. 

Bei grosseren Flacben gelten Regeln von komplizierterer Form, 
wie dies besonders "Wald klar und tbeoretiscb begriindend, ge- 
zeigt bat. Unser Fall, die »punktuelle« Reizung, gebort aber nicbt 
bierber. 

Die beiden Einscbrankungsrelationen, die zeitlicbe und die 
flacbengemasse konnen beide als Minimalregeln bezeicbnet wer- 
den, eben wegen ibrer Giiltigkeit nur innerbalb bestimmter pba- 
nomenal bedingter Grenzen. Die Regeln oder Ausdriicke betreffen 
begrifflicbe pbysikaliscbe Grossen, bezieben sicb aber auf pbano- 
menale Gleicbbeit: Reizintensitat mal Reizzeitdauer (Reizflacbe) 
ist gleicb einer Konstante, wenn es sieb urn pbanomenal gleicbe 
(und momentane bzw. punktuelle) Erlebnisse bandelt. Aucb die 
Grenzen der Giiltigkeit der Regeln sind pbanomenal bestimmt: die 
Momentanitat bzw r . die Punktualitat (Empfindungsflacbe) des 
Erlebens. Eine Bebandlung der Bedeutung dieser Regeln diirfte 
nicbt moglicb sein obne auf das Problem des Yerbaltnisses vom 
Pbiinomenalen und Reizbegrifflicben einzugeben. Dies gebort aber 
nicbt zum Tbema dieser Abbandlung, soil aber in einer spateren 
Arbeit aufgenommen werden (Reenpaa, 1947). 

Die beiden Minimalregeln konnen scbliesslicb zusammengefasst 
werden, zu einer allgemeineren Einscbrankungsrelation L -f • t = 
Konstante, welcbe besagt, dass die das Erlebnis begrifflicb wie- 
dergebenden Reizgrossen der Licbtintensitat, der Flacbengrosse 
und der Zeit einander gemass der Produktenregel einscbranken, 
wenn es sicb um pbanomenal in alien Beziebungen minimale Er- 
lebnisse bandelt (momentane und punktuelle Erlebnisse). Bei 
grosseren Flacben oder Zeiten, die pbanomenal flacbenhaft wir- 
ken bzw. eine pbanomenale Dauer besitzen, kann von einer ent- 
sprecbenden Einscbrankungsrelation nicbt gut gesprocben wer- 
den, aucb wenn gewisse empiriscbe Exponentialformeln die Ab- 
bangigkeit der Reizbestimmungsstiicke aucb bierbei interpola- 
toriscb auszudriicken vermogen. Die momentan-punktuale Mini- 
malregel besagt, nacb unserem Dafiirbalten, mebr als die obener- 
wabnten Regeln; sie diirfte etwas von dem Zusammenbang des 
Pbanomenalen und der Begriffsgrossen besagen, wenn es sicb um 
scbwellenmassige, differentielle Pbanomenalitaten bandelt. Die 
scbwellenmassigen pbanomenalen Erlebnisse oder Beobacbtungen 
ergeben die einfacben Regeln, den bilinearen bzw. trilinecir&ii 
Ausdruck betreffs der begrifflicben Reizgrossen (wie z. B.unsexe 
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It is known that the development of dietary gizzard ulcer in 
chicks can be accelerated by the incorporation of cinchophen in 
the diet (Cheney 1938) and also to some extent by omission of 
dietary vitamin E (Dam and Segal 1915). The same symptom 
can be retarded by other changes of the diet such as lowering 
of the salt content and, especially, by the addition of hog liver 
fat. The effect of hog liver fat is associated with the highly un- 
saturated fraction of the fatty acids (Dam and Segal 1915). The 
present studies furnish some more information on this problem 
which, although not yet complete, might be of interest to in- 
vestigators in this field. 

The assay technique employed (using cinchophen diets) was 
the same as in the studies of Dam and Segal (1915). The varia- 
tions of the diet consisted in introducing the methyl esters 1 of 
highly unsaturated fatty acids of the type characteristic of hog 
liver fat such as arachidonic acid and the mixture of fatty acids 
from the phosphatides of beef adrenals. The effect of these acids 
was compared with that of fatty acid mixtures of the type char- 
acteristic of fish oils such as Menhaden oil, and also with the 
effect of omitting cod liver oil from the diet (using other sources 
of vitamins A and D) and of increasing the content of cod liver oil. 

1 This material was generously put at the author’s disposal by Dr. J. B. Brown 
of The Ohio State University, Columbus, Ohio. 
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The results are presented in table 1. 


Table 1. 


Diets 

Average Ulcer 
Score in % 
of the U. Sc. 
in the cor- 
responding 
negative 
control group 

No. of 
animals 
antopsied 

Duration 
of Ex- 
periment, 
days 

Place of 
Investiga- 
tion 

1. Basal + 0.6 % highly unsatu- 
rated fraction of fatty acids 
from Menhaden oil 

89 

10 

29 

Rochester 

2. Basal + 1 % of same addition 

87 

' 9 

29 

> 

3. Basal + 0.6 % of methyl esters 
of fatty acids from phosphatides 
of beef adrenals ; . 

52 

10 

29 

> 

4. Basal -f- 0.5 % methyl arachid- 





onate 

64 

9 

29 

> 

5. Basal 4- 5 % hog liver fat . . 

50 

9 

29 

> 

6. Basal + 0.5 % purified methyl 
arachidonate 

54 

13 

28 ■{ 

Rockefeller 

Inst. 

7. Basal with omission of cod 
liver oil + vitamins A and D 
as concentrates (2 drops per 
animal per week) 

42 

10 

43 

> 

8. Basal with 10 % cod liver oil 





instead of the usual 5 % . . 

95 

12 

43 

> 1 


According to Dr. Brown the Menhaden oil used in diets 1 and 
2 consisted of the polyethylenic fraction (iodine value 285.2) 
about 80 to 85 % of which consists of esters of three and more 
double bonds. Not over 3 — 5 % of these esters being arachidonate. 
The preparation from beef adrenals used in diet 3 contained 25 
— 30 % of methyl arachidonate as assayed from the polybromide 
number method. The methyl arachidonate used in diet 4 was pre- 
pared as described by Mowry, Brode and Brown (1942) by 
distillation-crystallisation procedures. The purified methyl arachid- 
onate used in diet 6 was prepared by reduction of methyl octa- 
bromo-arachidate with zinc in neutral methanol. Its idodine 
value was 321. 0G, the mol. wt. 318.2. 

The experiments show that the development of gizzard ulcers 
is retarded by the addition of methyl arachidonate or methyl 
esters of the fatty acid mixture of highly unsaturated fatty acids 
from the phosphatides of beef adrenals but not so by addition of 
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similar amounts of the mixture of highly unsaturated fatty acids 
from Menhaden oil. (Scores of 89 and 87 are not significantly dif- 
ferent from 100 which represents the score in the corresponding 
negative control group.) Omission of cod liver oil from the basal 
diet also resulted in retardation of the development of ulcers, 
hut increase of the cod liver oil content from 5 % to 10 % did not 
cause any difference in the tendency to ulceration. Apparently 
arachidonic and possibly other highly unsaturated fatty acids 
from adrenal phosphatides act differently from the fatty acids 
characteristic of fish oil. 

Further studies are required to explain the observed effects 
and to settle the question if and how other fatty acids and fat 
constituents influence the symptom. 

Part of this work was aided by a grant from Wyeth Incorporated 
of Philadelphia to the University of Rochester. The author expresses 
his sincere thanks to Dr. J. B. Brown of The Ohio State University, 
Department of Physiological Chemistry, for having supplied the methyl 
esters of the fatty acids used in this study. He also thanks Dr. Paul 
Gyorgy of the University of Pennsylvania School of Medicine, for 
having suggested the acceptance of the grant which made it possible 
for him to work on the present problem in Rochester. 


Summary. 

The development of dietary gizzard ulcers in chicks is decreased 
by the omission of cod liver oil from the diet or by the incor- 
poration of methyl arachidonate or methyl esters of the highly 
unsaturated fatty acids from phosphatides of beef adrenals in the 
diet. Incorporation of methyl esters from the highly unsaturated 
fatty acids from a fish oil such as Menhaden oil increases the 
tendency to ulceration. 
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Several experiments have been made in order to find out how 
great a part of the erythrocytes acts as a solvent. The problem is 
theoretically interesting, and it is of importance in connection with 
investigations on permeability; here it is usual to estimate the 
solvent water at 50 % of the volume, supported by experiments 
on the volumes of the erythrocytes at different osmotic pressure, 
though the watery phase is about 70 %. 

The usual way to find the amount of solvent water has been 
to add an anelectrolyte which can permeate the blood cell mem- 
brane, and wait until equilibrium has been reached between the 
watery phases outside and inside the blood corpuscles and then 
determine the concentration of the substance in the outer watery 
phase, and from this calculate the concentration in the inner 
watery phase. The results do not agree, and it has therefore been 
found useful to try to elucidate the problem through further 
experiments. Ege and Roche (1930) have determined the glu- 
cose concentration* in serum and blood corpuscles and found the 
ratio 100/80, approximately corresponding to the ratio of the 
water content of serum and blood corpuscles respectively. Somo- 
gyi (1933) arrives at the same result. He determines the glucose 
in plasma and blood and calculates the glucose concentration in 
the blood corpuscles by haematocrit determinations. Mac Kay 
(1932) finds the glucose concentration in the watery phase of 
plasma in proportion to the watery phase of the blood corpuscles 
to vary from 0,97 to 1.03. He assumes the water concentration of 
the blood corpuscles to be 79.4 % of the plasma concentration. 
He adds glucose to blood and finds that the concentration is the 
same in the two watery phases. Folin and Svedbekg (1930) 
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find a lower glucose concentration in the blood corpuscles than 
stated in the above mentioned works, whereas they find urea 
and creatinine in the same concentration in the watery phase 
of serum and blood corpuscles. 

It should be mentioned that glycolysis can diminish the glu- 
cose concentration in the red blood corpuscles (Somogyi). 

Parpart and Shull (1935) have investigated the solvent 
water of the erythrocytes of a number of animals. In most of the 
experiments they first wash the erythrocytes and then add glycol 
or glycerol; after equilibrium of diffusion has been reached they 
determine the concentration in the outer fluid. They find that 
only about 71 % of the watery phase of the erythrocytes serve 
as a solvent. For the determination they use the same method 
as Weech and Michaelis (1928), oxidation with potassium di- 
chromate in sulphuric acid and iodo metric titration with sodium 
thiosulphate. In a few experiments they investigate the solvent 
water of the erythrocytes for urea and arrive at a wholly different 
result, the concentration of urea in the watery phase of the 
erythrocytes in 3 experiments is 107, 111 and 104 % of that in 
the outer phase. They suppose that this is caused by adsorption 
and refer to Hill (1930) who found a lower vapour pressure of 
urea and creatinine dissolved in serum and blood than expected. 
With NaCl, KOI and saccharose he found that 95 to 97 % of 
serum water act as solvent water. With saccharose and haemo- 
lyzed blood cells he finds the same amount of solvent water. 

Parpart and Shull also investigate the volume of the erythro- 
cytes at different osmotic pressures and they find agreement with 
Boyle-Mariotte’s Law if they assume that about 70 % of the 
watery phase of the erythrocytes acts as a solvent. It was espe- 
cially their experiments which invited to further experiments. 


Methods. 

The blood used was drawn from students and defibrinated. Two 
samples of 14 ml are pipetted into two 25 ml flasks; to one are added 
2 ml 0.9 % NaCl, to the other 2 ml 0.8 % NaCl which are also 1 to 4 
m. with regard to the anelectrolytes employed. The flasks are now 
placed in a rocking machine until equilibrium of diffusion has been 
reached, at which time haematoerits of the two samples should be 
alike. 1 The flasks were rocked for 10 minutes at about 20° in the urea 
experiments, for 30 minutes in the glycol and glycerol experiments, 
for 120 minu tes in the malonamide experiments, and for 120 minutes 
1 Haematoerits are made in all experiments. 
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at 37° in the glucose experiments. The haematocrit tubes 1 are centri- 
fuged at 10,000 rounds per minute for 10 minutes after which a constant 
volume of the erythrocytes has been reached. 

Now the rest of the blood is also centrifuged at the same velocity 
and for the same time. Controls have shown that very little fluid is 
left between the packed erythrocytes, 1.7 — 3.2 % of the total volume. 

The volume of serum between the centrifuged erythrocytes was 
determined by adding inulin to blood, centrifuging this, dispersing the 
erythrocytes in 0.9 % NaCl, centrifuging and determining the concen- 
tration of the inulin in the supernatant fluid. 

When calculating the results no correction is made on account of 
the intercellular fluid as it is expected to be the same in all experiments 
and is of no importance to the results. 

The serum is now removed, the last of it carefully with cotton wool, 
and the blood corpuscles can be pipetted off. 

The water content of serum and blood corpuscles was determined in 
the following way; 1 ml was weighed in a 1 ml pipette, transferred to 
a weighing glass and the dry matter weighed after 24 hours at 105°. 

The solvent water has been determined with 5 anelectrolytes, urea, 
malonamide, glycerol, glycol and glucose. 

For the determinations three methods have been employed. 

Determinations were made on serum as well as on the centrifuged 
blood corpuscles. It is then possible to calculate the percentage of the 
added substance found in the experiment. No experiment was used 
where a difference of more than 4 % from the expected was found. 

For the urea determinations the method of van Slyke and Cullen 
was used. 

Two urease (Leo) tablets were used for each sample. In 11 experi- 
ments the yield was on an average 100 % of the expected (ranging 
from 96—104 %). 

As to the determination of the other substances the serum and the 
erythrocytes are first deproteinized. 

One ml of serum or erythrocytes is added to 4.g ml ILO, by this 
the erythrocytes are haemolyzed, further 4 ml 4 % HgCl 2 and 0.4 ml 
4 n HC1 are added. The next day the mixture is filtered. 

The malonamide .analysis is rather simple. To a 1 liter retort are 
added 120 ml H 2 0, '90 ml 33 % KOH, 10 ml 25 % Na 2 S and 15—20 
ml filtrate. 200 ml ILO and the ammonia are distilled into45ml0.i 
n HC1. Titration with 0.1 n NaOH- Filtrate from 1.5 — 2 ml serum or 
erythrocytes was used for each analysis. The yield of known amounts 
was on an average 98.g % in the experiments 97.4 %. 

For this as for all the methods emploi/ed it should be emphasized that 
the titration results from serum and erythrocytes of blood to which 
only 0.9 % NaCl have been added are used as blanks. 

For the determination of glycol, glycerol and glucose the following 
method has been used. 2 

1 Tho tubes used, tiro described in Orehov (1945). 

* For glycol, glycerol and glucose it was tried if tho deprotein ati on gives 
rise to a loss of tho substnnecs. For tho erythrocytes a very small loss wns 
found (about 2 per cent), for this loss no correction has been made. 
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In a test tube 5 ml sulphuric acid with silver dichromate (Nicloux 
1927), 3 ml 1 n potassium dichromate and 2 ml of the filtrate are mixed, 
boiled for half a minute and after 10 minutes transferred to a beaker 
containing 75 ml K.O, 10 ml 10 % KJ and titrated with 0.1 nNajSOj 
with starch as indicator. The results show that glycol and glucose are 
oxidized completely, while glycerol is only partially oxidated but the 
results with this substance agree just as well. In some experiments 
the blood was centrifuged and the scrum exchanged with the same 
volume 0.9 % NaCl; after stirring and addition of the anelectrolytes 
the distribution of these can be examined. 


Results. 

The results are given in tables 1 to 6. 

At first sight they do not agree very well with previous results. 


Urea. 

In all experiments (table 1) the concentration in the watefy 
phase of the erythrocytes is higher than the concentration in the 
outer watery phase, a little higher with 0.126 m urea in the blood 
than with 0.5 m and the highest concentration is found with 
0.9 % NaCl in the outer solution. 

Table 1. 

TJrea. 


The urea molarity of the suspension 0.5. 


Blood-spendera 

Urea cone, of erythr. water . 

-= i — Average 

Urea cone, oi serum Water 

The ratio calcu- 
lated from urea Average 
cone, in serum 

0 

1.07 

1. 15 


H. K 

1.04 1.05 

1.01 

1.10 

H.K 

1.03 

1.14 



Urea molarity 0.12 5 



0 

1.00 

1.01 


A. J 

1.00 

1.08 


0 

1.13 1.08 

1.15 

1.08 

H. K 

1.06 

1.01 


H. K 

1.10 

1.13 



Urea cone, of erythr. water . 

Urea cone, of 0.9 % NaCl AvOTa86 

The ratio calcu- 
lated from urea 
cone, in 0.9 % 

Average 


NaCl 


M. C 

1.14 

1.04 


M. C 

1.09 1.12 

1.10 

1.07 

M. C 

1.12 

1.07 



14 — $62524. Acta phys. Scandinav. Vol. 12. 



196 


S. L. 0RSKOV. 


Parpabt and Shull found the same with washed erythrocytes. 
That the highest concentration is found with no proteins in the 
outer solution is in accordance with Hill, who finds that urea 
is bound to serum as well as to whole blood. From table 1 can 
be been that urea is adsorbed by serum as well as by the erythro- 
cytes and mostly by the latter. 

"When the concentrations are calculated only from the concen- 
tration in the outer solution no difference can be seen caused by 
different concentration of urea or 0.9 % NaCl but this way of 
calculation must be considered as decidedly less accurate. 


Malonamide. 

With malonamide (table 2) the same concentration is found 
in the inner and outer watery phase when the erythrocytes are 
suspended in serum, when suspended in 0.9 % NaCl a somewhat 
higher concentration is found in the Erythrocytes, which might 
be explained by malonamide being adsorbed in the same degree 
to serum proteins as to proteins of the erythrocytes. 


Table 2. 

Malonamide. 

The malonamide molarity of the suspension 0.125. 



Malonamide cone, of 


The ratio ealeu- 


Blood-spenders . 

erythr. H,0 
Malonamide cone. 

Average 

lated from mal- 
onamido cone. 

Average 


of serum H,0 


in serum. 


K. P 

1.00 


1.03 


K. P 

1.00 

1.00 

1.01 

1.03 

K. P 

0.9G 

1.01 

K. P 

1.02 


1.0S 



Malonamide cone, of 


The ratio ealeu- 



erythr. H,0 

Average 

lated from mal- 

Average 


Malonamide cone. 

onamidc cone. 


of 0.9 % NaCl 


in 0.9 % NaCl 


M. C 

1.00 


0.95 


M. C 

1.09 

1.05 

1.05 

1.01 

m. c 

1.09 

1.05 


M. C 

1.02 


0.99 



When calculated from the concentration in the outer phase 
the ratio is reversed though the difference is less. 
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GlyooL 

Glycol (table 3) shows a little lower concentrations in the 
watery phase of the erythrocytes when dcfibrinated blood is -used. 
When serum is exchanged with 0.9 % NaCl the glycol concentra- 
tion in the erythrocytes is the highest, indicating that glycol is 
adsorbed in a higher degree to the scrum proteins. 

Tnblo 0. 

Glycol. 

The glycol molarity of the suspension O.C. 

Glycol cone. oforythr.H.O Theratio-calcu. 


Blood-spender 

Glycol cone, of scram H,0 

Average luted from glycol 

Avcrngo 


cone, in serum 


B. O 

0.97 

1.03 


H 

0.97 

0 .93 ;- oc 

1.00 

II 

0.93 

1.03 


H 

0.91 

0.98 




Tho ratio ealeu- 



Glycol cono. of erythr, H,0 
Glycol cone, of 0.9 % NnC 

NaCl 

Average 

B. O 

1.08 

1.33 


H 

1.09 

1.10 1.10 

1.20 

H 

l.U 

1.17 



Calculated from values in the outer phase the Tatios are res- 
pectively 1.00 and 1.20. 


Glycerol. 

In the experiments with glycerol (table 4) higher concentra- 
tions in the erythrocytes are found in all experiments and the 
exchange of serum with 0.9 % NaCl is of no influence, indicating 
that glycerol is only bound to the erythrocytes. Calculated from 
the concentrations in the outer fluid similar conclusions may be 
drawn though the results are differing in a higher degree. 

Glucose. 

Glucose (table 5) behaves as glycerol. Only two experiments 
with 0.9 % NaCl have been made, and the lower concentration in 
the erythrocytes than found with defibrinated blood can not 
be explained. 
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Table 4. 


Olycerol. 

The glycerol molarity of the suspension 0.5. 


Blood-spender 

Glycerol 

cone, of erythr. H,0 

The ratio calcu- 

Average lated , from 

° cerol cone, in 

serum 

Glycerol 

cone, of serum H.O 

B.O 


1.04 

0.97 

B.O 


1.09 

1.10 

B.O 

H 


1.06 

1.06 

1.06 !-° 4 

1.19 

H 


1.04 

1.23 

H 


1.04 

1.23 


Glycerol 

cone, of erythr. H 5 0 

The ratio calcu- 

Average ^ted from gly- 
6 cerol cone, in 
0.9 % NaCl 


Glycerol 

cone, of 0.9 % NaCl 

B. O 

. . . 

1.09 

l.n 

B. O 

. . . 

1.05 

1.15 

B.O 

. . . 

1.06 

1.08 1.24 

H 


1.11 

1.10 

H 


1.10 

1.07 


Average 


1.13 


Averago 


1.13 


Table o. 


Blood-spenders 


Glucose. 

The glucose molarity of the suspension 0.25. 

Tho ratio calcu- 

Glucose cone. of erythr. H.Q Av e latcd from glu- Averag0 
Glucose cone, of serum H s O cose cone, in 

serum 


B. 0 1.07 1.02 

B. 0 1.15 1.08 

B. 0 1.07 1.11 1.18 Ml 

H 1.07 1.19 

H 1.17 1.10 


The ratio calcu- 

Gluoose cone, of erythr. H,0 . lated from glu- Averng0 

Glucose cone, of 0.9% NaCl b coso cone, of 

/0 0.9 % NaCl 

H 
H 


1.02 

1.05 


1.04 


1.00 

1.12 


1.0G 


Some experiments have been made with Hagedorn and Nor- 
man Jensen’s- method for the determination of blood sugar. The 
sugar concentration of the blood was increased by 0.385 %. 0.05 
cc serum and blood cell mass were used for the analysis. Apart 
from this the procedure was the same as in the other experiments. 


SOI, VEST WATER IN HOMAN ERVTimOCYTEfi. 

It is seen from the results (table G) that 10 minutw at 20° 
is not enough to obtain equilibrium of diffusion. The ratios are 
somewhat smaller than the, ones found at the higher concentration. 

Table <5. 

Concentration of the glucose added O.SSS %. 

Method of determinntion: Hngedom nnd Nornmn Jensen. 


mood-spender 

Glucose cone, of crvthr.H,0 




Glucose cone, of scrum 11,0 





10 min. 20’ 

Avcrngc 

00 min. 37* 

Average 

Jr.c 

102 


100 


M. C 

102 


102 


M. C 


102 

111 

100 

Jr. c 

103 


102 


M. C 

102 


10S 



Discussion. 

The general conclusion of the experiments is that the employed 
substances in most of the experiments arc found in a higher con- 
centration in the water of erythrocytes than in the outer solution. 

Malonamide and glycol are exceptions from this when scrum 
is the outer fluid. 

What may be the reason why there is discrepancy with former 
works? 

Parpart and Shull arc the only two, who have arrived at a 
similar result and only in the case of urea. But in reality Ege 
and Roche and Somogyi may be said to have reached similar 
results in experiments with glucose, because in their reasoning 
they have assumed that the ratio of water in serum and the 
erythrocytes is 100/80 whereas I have found it to he 100/7G on 
an average of 5 persons; Bodansky (1934) states it at 100/75.8. 

If we employ this ratio and Egk’s and Somogyi’s results, we 
find that there are 5 % more of glucose in the water of the erythro- 
cytes than outside. 

Mac Kay has carried out his experiments in almost the same 
way as adopted in these experiments, adding glucose to blood 
and determining the reduction in the serum and in the erythro- 
cytes before and after admixture. But he only waits 10 minutes 
for the diffusion to take place and that is perhaps not enough. 
In the present experiments (table 5 ) the haematocrits only 
became constant after 1 1/2 hour at 37° and the centrifuging 
began after 2 hours. 
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It must be admitted that be bad a concentration of 0.3 — 0.5 % 
glucose in tbe blood and in these experiments it is 4.5 % and 
glucose permeates much more slowly at higher concentrations; 
but otherwise Q 10 is 6 for glucose so that the higher temperature 
will in any case partly compensate for this (Bang and 0rskov 
1937). 

No temperature has been mentioned in Mac Kay’s experiments, 
so it may be assumed they were carried out at room temperature. 

"With blood of normal glucose concentration one must always 
remember that glycolysis may lead to a lower concentration of 
glucose. 

In the present experiments with the high glucose concentration 
glycolysis will probably be of no consequence. 

Parpart and Shull’s experiments on glycol and glycerol can 
not be easily explained. The method used is very similar to the 
one here adopted. 

They wash the blood 4 times in order to remove reducing 
substances. Perhaps they have not made blanks on the outer 
solution. 

^Reducing substances from the blood corpuscles will of course 
give too high values of glycol and glycerol and thus too lour con- 
centrations in the erythrocytes as the concentration of glycol 
and glycerol in their experiments are calculated from the con- 
centrations in the outer solution. 

No doubt more experiments are needed before it has been proved 
with certainty that anelectrolytes are adsorbed to the proteins 
(or more improbably to the lipoids) of serum and the erythro- 
cytes and in a varying degree. 

The problem of bound water is not yet solved for though this 
is not found in the case of the examined substances, it might be 
the case with others. The logical thing to do is to examine the 
distribution of a permeable ammonia salt. Some preliminary 
experiments have been made, but they have so far met with 
difficulties, in particular because some of these salts are noxious 
to the erythrocytes. 

Summary. 

The distribution of 5 anelectrolytes, urea, malonamide, glycol, 
glycerol and glucose added to defibrinated blood has been exam- 
ined; In some experiments the serum was exchanged with 0.9 % 
NaCl. 
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The methods used are described. 

Urea, glycerol and glucose are found in a higher concentration 
in the watery phase of the erythrocytes than in serum. Glycol 
is found in a somewhat lower concentration in the erythrocytes 
than in serum and malonamide in the same concentration in both. 

In experiments with 0.9% NaCl in the outer solution, glycol 
as well as malonamide are found in higher concentration in the 
erythrocytes. 

It is assumed that the substances can be adsorbed to the col- 
loids of serum and the erythrocytes but in a varying degree. 

The discrepancy between previous and the present experiments 
can partly be explained. 

The expenses of this investigation were partly defrayed by 
a grant from the Carlsberg Foundation, which is gratefully 
acknowledged. 
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Hamburger (1898) was the first to investigate the volume of 
the erythrocytes at different osmotic pressure. He suspended the 
erythrocytes in NaCl solutions varying in concentration from 0.6 
to 1.5 %. He centrifuged the suspension in haematocrit-tubes in- 
vented by himself. 

He found that the volume obeyed Boyle-Mariotte’s law, when 
it was assumed that with horse-blood 53.3 — 56 %, with rabbit- 
blood 48.7 — 51 % of the volume of the erythrocytes consisted of 
water. As the water content is about 70 % of the volume, it 
means that the volume does not follow the law. That part of the 
erythrocyte water which does not take part in the volume- 
changes is usually called “bound” water, and the other part sol- 
vent water, though it must be admitted that it has never been 
proved that “bound” water can not act as a solvent, on the con- 
trary, it has been shown that some anelectrolytcs besides being 
solved in all the water of the erythrocytes are also bound to the 
erythrocytes (0rskov 1946). 

Later authors come to similar results as Hamburger, though 
the amount of solvent water found may differ. Ege (1932) finds 
that the cell volume at moderate osmotic pressure obeys Boyle- 
Mariotte’s law, but he assumed the dry matter of the cells to be 
40 % (see later). Gough (1924) and Krevtsky (1930) find the 
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solvent water to be about 50 %, MacLeod and Ponder (1933) 
64 %, Parpaut and Shuld (1935) 71 % of the cell water. 
Ponder and Saslow (1930 and 1931) believe that tbe discrepancy 
between tbe osmotic pressure and tbe volume found is caused by 
leaking of potassium from tbe erythrocytes and refer to Kerr 
(1929). But this shows in reality that tbe erythrocytes even 
when suspended in diluted serum usually do not lose potassium. 
They also oriticize tbe haematocrit-method. 

Davson (1936) repeated tbe experiments of Ponder and 
Saslow and found that tbe erythrocytes do not become perme- 
able to cations neither in hypotonic nor hypertonic serum (by 
adding KOI). 

He finds that in hypotonic solutions the erythrocytes swell as 
expected from Boyle-Mariotte’s law but in hypertonic solutions 
they shrink rather less than expected; he does not try to explain 
the discrepancy, the volume of the cells is found by determining 
the content of dry matter in the centrifuged cells. 

Ho doubt there are problems unsolved in respect to the volume 
of the erythrocytes at different osmotic pressure. 

It shall here be tried to find sources of error in the determination 
of the volume of the cells and to find the content of “bound” 
water in the erythrocytes of different volume. 


Methods. 

The haematocrit-determinations play an outstanding part in these 
investigations. In contrast to Ponder and Saslow it is found to be a 
reliable method giving most reproduceable results. 1 After ten minutes 
centrifuging at 10,000 rounds per minute constant values are reached. 
Dry matter is determined in 1 ml of centrifuged erythrocytes and 
serum. 

The different osmotic pressures are produced in the following way. 
To 6 ml defibrinated human blood in a 25 ml flask are added 3 ml of 
solutions of different osmotic pressure in small drops and at the same 
time the blood is shaken. After the flask has been shut it is rocked 
for 10 minutes and the haematocrits made. In this way even addition 
of H a O will cause no or only an insignificant haemolysis. 

The solutions are, H 2 0, 0.45 % NaCl, 0.9 % NaCl, 0.9 % NaCl 
with 0.25 m mannite (or 1.07 % NaCl), 0.9 % NaCl with 0.5 m mannite 
(or 2.47 % NaCl) and 0.9 % NaCl with 1 m mannite (or 4.13 % NaCl). 
In table 1 some of these experiments are seen. 

The amount of fluid between the centrifuged cells is determined in 
the following way. To the above mentioned solutions are added inulin, 

1 The tubes used are described in 0p.skov (1945). 
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so that they contain from 1 — 10 % of this substance. 1 ml of centri- 
fuged erythrocytes is suspended in 2 ml of 0.9 % NaCl, centrifuged, 
1.5 ml of the supernatant fluid is deproteinized with trichloroacetic 
acid, and the inulin concentration determined by the method of Al- 
vins, Rubin and Miller (1939), correction being made for the change 
of volume in 0.9 % NaCl. The content of sodium is determined after 
ashing at 500° using a modified Weinbach method (1935) used for 
some years in this laboratory (Ottosen 1945). 

Potassium is determined by the method of Kramer and Tisdall 
(1921). Chlorine is determined after Rehberg (1926), C0 2 after van 
Slyke and Neill and total phosphoric acid in serum after precipita- 
tion with trichloroacetic acid after Lohmann and Jendrassik (1926). 


Results. 

As already mentioned table 1 shows the haematocrit values at 
different osmotic pressures and further the volume in relation to 
the volume at isosmotic pressure (0.9 % NaCl being approxi- 
mately isosmotic) and finally the expected volume after Boyle- 
Mariotte’s law. The dry matter of the erythrocytes in isotonic 
solutions amounts to 29. 2 % of the volume, the expected volume 
where the dry matter is assumed to be 40 and 45 % of the volume 
have also been calculated. As seen from the table the deviations 
at hypoosmotic pressures are rather small, but at hyperosmotic 
pressures they are quite distinct as also found by Davson (1936). 
If the dry matter of the erythrocytes had amounted to about 


Table 1. 


Osmotic 
pressure in 
proportion 
to normal 

Haematocrits 
in experiment 

Average 

O 

a cT 
2 3 
s a 

o 

Haematocrits 
in experiment 

1 

| Average 

Volume % of 
normal 

Expected 
volume at diff. 
volume % 
dry matter 

1 . 

2. 

3. 

1 . 

2. 

3. 

29. 2 1 

B 

45 

0.C2 

36.8 

36.5 

37 

36.8 

136 






142 

134 

133 

0.82 

31.5 

31.1 

31.5 

31.4 

116 






115 

113 

111 

1-00 

27.3 

27 

27.1 

27.1 

100 

27.6 

26.8 

26.7 

27 



m 

ml 



+ Hannitc 



+ NaCl 






1.84 

23.8 

24.2 

24.5 

24.1 

89 

23.8 

23.1 

23.8 

23.6 

87 

82 

85 

86 

1.G7 

21.8 

20.8 

21.3 

21.1 

78 

21.3 

20.5 


20.7 

77 

72 

76 

78 

2.39 

1S.3 

17.C 

18.1 

18 

67 

18.8 

18.1 

17.71 

18.2 

68 

59 

65 

63 


1 Volume S dry matter at isosmotic pressure. 
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40 % of the volume the calculated volumes nt hyperosmotic 
pressure would have agreed with those found, so that between 
78 — 85 % of the cell water should be solvent. 

That the erythrocytes arc only slightly damaged by this pro- 
cedure can be scon from the following 2 experiments (table 2), 
where haematocrits are made after 10 and 180 minutes rocking 
of the blood nt room temperature. 


Table 2. 


Osmotic pressure 
in proportion to 
normal 

Hacmntocrit values 
after 10 minutes 

Hacmatocrit values 
after 180 minutes 

O.C2 

1. 37 

1. 

36 


2. 37 

2. 36.8 

0.82 

1. 30.1 

1. 

30.9 1 


2. 29.0 

2. 30.9 I 

1.00 

1. 27.1 

1. 

27.1 


2. 26.0 

2. 26.1 

1.34 

1. 23.0 

2. 23.9 

1. 

24.8 

1.67 

1. 20.9 

1 . 

20.9 


2. 21 

2. 20.9 

2.3!) 

1. 18.1 

1. 

18.0 


2. 18.9 

| 2. 19.0 


The volumes are unchanged. The exchange of cations after 10 
minutes rocking at different osmotic pressure is negligible as may 
be seen from table 3. 

Tablo 8. 


Osmotic pressure 
in proportion to 
normal 

mg 

2 K in serum 1 in 4 
experiments 

mg % Na' in the 
erythrocyteB in 

2 experiments 

1 . 

2. 

3. 

4. 

1 . 

2. 

0.C2 

14 


14 

14 

36 

37 

0.82 

16 


19 

16 



1.00 

17 

16 


17 

32 

33 

1.67 

14 

16 


14 



2.39 

22 

14 


22 

30 

32 


1 After 10 minutes at room temperature. The values have been corrected for 
volume changes. 
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The interchange of cations which has taken place is so negligible 
that it does not influence the volumes of the cells. 

When the phosphates are determined in serum at different 
pressure it is found that very little phosphorus leaves the cells. 

Is the intercellular fluid influenced by different osmotic pres- 
sure? This question has never been closer investigated. The 
method employed has been described above. 

As seen from table 4 the amount of intercellular fluid is dimin- 
ished in hypotonic solutions and in a less degree augmented in 
hypertonic solutions. 

Table 4. 


Osmotic 
pressnre in 
proportion to 
normal 

Haematocrit 

Average 

Vol. % intercellulary fluid 
5 experiments 

in 

Average 

• 1 . 

2. 

3. 

4. 

5. 

0.62 

36 

2.5 

2.5 

2.0 



2.3 

0.82 

29 

2.6 

2.4 

2.6 



2.5 

1.00 

27 

3.8 

3.2 

3.2 

3.8 

2.2 

3.2 

2.39 

19.9 




4.2 

2.8 

3.5 


No doubt the experiments show that even normal erythrocytes 
make resistance against the packing, and that the presence of 
crenated erythrocytes means surprisingly little to the packing. 

The figures in table 1 have not been corrected for the contents 
of intercellular water as this would be of little influence on the re- 
sults. So neither diffusion of salts nor intercellulary fluid can ex- 
plain the discrepancy from Boyle-Mariotte’s law. 

On reading the work of Davson (1936) the thought appeared 
that the accordance with Boyle-Mariotte’s law at hypotonic pres- 
sures and not at hypertonic pressures might be caused by the 
growing content of haemoglobin at higher osmotic pressure. This 
interpretation is strengthened by the work of McCutcheon, 
Ltfcke and Hartline (1931) who investigate the volume of the 
sea-urchin egg by different osmotic pressure. The volume of the 
eggs follows Boyle-Mariotte’s law perfectly, and here the dry 
matter does not exceed 15 % of the volume. 

My results agree fairly well with Davson’s with the exception 
that he finds less free water at hypertonic pressure. 

0rskov (1935) found that poisoning of the erythrocytes made 
them permeable to potassium, so that they shrinkled considerably 











ERYT1I ROCYTKS AT DIFFERENT OSMOTIC I’RESSURE. 207 

when suspended in 0.9 % NnCl. Similar experiments have later 
to a great extent been made by Davson* (1939, 1940), who has 
shown that it is usually found that such poisons also make the 
membrane permeable to sodium and that under some conditions 
the potassium, under other conditions the sodium, permeates with 
the greatest velocity. 

As this lias never been investigated in connection with lead 
poisoning and one at the same time got erythrocytes with ab- 
normally high haemoglobin content but at isosmotic pressure, it 
was tempting to carry out a series of experiments with lead 
poisoning, where the concentrations of sodium, potassium and the 
other ions were determined. 

Experiments on tend Poisoning. 

First some experiments were made to find a suitable concentra- 
tion of lead. To 4 ml defibrinated blood were added 2 ml 0.9 % 
NaCI and varying amounts of 5 % lend acetate. In table 5 the 
results are seen. Shrinking begins at 5.2 mg % lead in the sus- 
pension. This is somewhat more than was found necessary in the 
above mentioned experiments "where rabbit erythrocytes were 
suspended in serum, this is probably due to the much denser sus- 
pension of erythrocytes which is used in these experiments as 
lead according to experiments of Mortensen and Kellogg (1944) 
has a greater affinity to the erythrocytes than to serum. 


Tnlilo o. 


Concentration of lead in mg % . . 

0.7 

1.8 

2.c 

5.2 

10.4 

26 

52 

Haematocrit after 2 hoars at 37’ . 

28 

28 

27. C 

26 

22.7 

20 

19.8 


The following experiments have been carried out with a lead 
concentration of 45 mg %. To 10 ml blood -f- 5 ml 0.9 NaCl is 
added 0.25 ml 5 % lead acetate and the mixture is rocked during 
the experiment. In fig. 1 is shown the results of 4 experiments of 
lead poisoning of the blood from the same person. 

The average concentrations of potassium in the watery phase 
of the erythrocytes in relation to the concentrations in the watery 
phase in serum is found in the curve with the solid circles. 

The concentrations of sodium in the watery phase of serum in 
relation to the concentrations in the watery phase of the erythro- 
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cytes is seen in the curve with the open circles. If this curve is 
displayed to the right (about 12 min.) until its upper point reaches 
the first curve it will be seen that the two curves nearly cover 
each other, it means that sodium and potassium permeate with 
the same velocity. This result may seem contrary to the former 
experiments of the author, but only sodium analysis of the blood 
corpuscles would have revealed the permeability of sodium as 
well. 

In table 6 is demonstrated that the volume of the intercellular 
fluid after centrifugation is augmented during the experiments 
and in the same degree as seen in the experiments with different 
osmotic pressure. 

In the above mentioned experiments only potassium and 
sodium have been determined. 

If the osmotic pressure of the watery phase outside and inside 
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Table 6. 



Min. after addition of lead acetate : 




at 20° 




Before 

10 

30 

60 

120 

180 

1. Haeniatocrit 

34 

25 

23.8 

22 

21 

20 

Vol. % intercell. fluid . . . 

1.8 

2.1 

2.4 

2.6 

2.6 

3.3 

2. Haematocrit 

35 

21 

21.3 

21 

21.8 

20.8 

Vol. % intercell. fluid . . . 

1.7 

1.8 

2.1 

2.8 

3.6 

3.9 


Table 7. 



w 

p 

O 

B 

Sernm concentrations 
(Watery phase) 


Cell concentrations 
(Watery phase) 


p 

O 

ca 

3. 

K 

m.eq. 

N a 
m. eq. 

HCOa 
m. eq. 

Cl 

m. eq. 

Total 
m. eq. 

K 

m.eq. 

Na 
m. eq. 

HCOa 
m. eq. 

Cl 

m.eq. 

Total 

m.eq. 

Normal blood 

29.5 

2.3 

154 

13.7 

121 

291 

135 

15.6 

8.4 

82.8 

241.8 

The same 
blood + 45 
lead 

20.6 

28.4 

128 

13.7 

122 

291.1 

69 

33 

6.9 

61 

169.9 


tlie erythrocytes should he determined also the anions Cl and 
HC0 3 had to be analyzed for. 

Determinations 'were made before and 3 hours after addition 
of lead (room temperature). In table 7 the average results of 4 
experiments on the blood of the same person are given. The aver- 
age concentration per litre of cell water of K + Na Cl -f- HC0 3 
are 241.8 m. eq. and in serum water 291 m. eq. After addition of 
lead 169.9 m. eq. are found in cell water and 292 m. eq. in serum 
water. The difference between serum water and cell water in the 
controls then is 49.2 m. eq. The corresponding concentrations 
found by Maizels (1936) were 258.5 m. eq. and 291 m. eq. and 
the difference 32.5 m. eq. The low HC0 3 concentrations are due 
to no precaution being taken to avoid the escape of C0 2 . The 
pH in some experiments was found with glass electrode to vary 
from 7.8 to 8.0. 

The excess of plasma osmotic pressure can be explained by 
assuming that some of the cell water is not “free” in the sense 
that it is not available for the solution of substances present in 
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tie cell, but it is also possible tbat tie phosphate esters of the 
cells make up a part of it. 

If it is assumed that 49.2 m. eq. are representing osmotic ac- 
tive substances, these will be concentrated when the cells shrink. 
The haematocrit values in the controls on an average are 29.5, 
after lead 20.5. The volume of the dry matter of the cell in the 
controls is 27.5 %. 

In the lead poisoned cells 49.2 m. eq. should then be augmented 
to 84.3 m. eq. When they are added to the 169.9 m. eq. found in 
the poisoned cells there is still a difference between serum water 
concentration and cell water concentration amounting to 37.9 m. 
eq. or 13 % of the serum concentration, when expressed in pres- 
sure of atmosphere 0.85. 

If it is assumed that the difference between the concentration 
between serum water and cell water 122 m. eq. is to be explained 
by the presence of “bound” water, it amounts to 42 % of the 
serum concentration or 2.7 atmospheres pressure. Comparing 
these results with those of volume determination at hypertonic 
pressure, see table 1 and text, and estimating the “bound” water 
at 15 % the difference in osmotic pressure between serum water 
and cell water at 2.3 times isosmotic pressure is 93 m. eq. or 2.08 
atmospheres. 

As the volume of the cells is about the same at this osmotic 
pressure as after lead poisoning this difference in osmotic pressure 
is to be compared with the results after blood poisoning. 

So the lead poisoning experiments support the conception that 
by shrinking of the cells the difference of concentration between 
the serum water and the cell water is increased and it is natural 
to suppose that the reason is the rising concentration of haemo- 
gcobin. But it must be admitted that so many analysis are ne- 
cessary in obtaining the osmotic pressure of the watery phases 
that the exactness of the results is somewhat uncertain. 


Discussion. 

The experiments show that at hypertonic pressure the erythro- 
cytes do not shrink as much as expected and diffusion of potas- 
sium, sodium or phosphates or the amount of intercellular fluid 
outside the centrifuged cells can not explain the results. 

4 possibilities may be considered. 
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1) Part of the cell -water is not available for the solution of 
substances present»in the cells. 

2) There is a framework in the cells which tries to resist the 
shrinking. 

3) The haemoglobin molecules are elastic and make resistance 
against the shrinking of the cells. 

4) The salts of the watery phase of the cells exert an augmented 
osmotic pressure when the haemoglobin concentration is aug- 
mented. 

Ad 1). It must be admitted that “bound” water has never been 
demonstrated in the erythrocytes. Anelectrolytes even seem to be 
adsorbed to the haemoglobin, it remains to be tried, how the 
electrolytes behave. 

Ad 2) and 3). It is difficult to see how the difference in pres- 
sure between the watery phases of serum and cells can exceed' 1 
atmosphere as in the experiments at an outer pressure 2.3 times 
osmotic pressure. 

Thus 4) at present seems to be the most plausible explanation. 

Davson, Duke-Elder and Benham (1936) investigate the 
Donnan ratios in aqueous humour and serum and find that there 
is no reason to suppose that the activity coefficients will be the 
same in these media. 


Summary. 

It is demonstrated as by other authors that the volume of the 
erythrocytes does not follow Boyle-Mariotte’s law. At hypotonic 
pressure the discrepancy is not considerable, but at hypertonic 
pressure it corresponds to 15 — 20 % of the cell water being 
“bound”. 

The diffusion through the cell membrane of potassium, sodium 
and phosphate during the experiment is insignificant. The 
haematocrit values obtained are very reproduceable. 

The intercellular fluid of the centrifuged blood cell mass 
is 1.7 — 3.8 % in normal blood, in hypotonic solutions it decreases 
and in hypertonic solutions it increases. 

It was formerly shown by the author that lead makes the 
erythrocytes permeable to potassium. It is now shown that so- 
dium can permeate as well, and that the two substances per- 
meate with the same velocity. The potassium loss of the erythro- 
cytes make them shrink considerably, and the haemoglobin con- 
centration increases. 

15 — 62 524. Acta phys. Scandinav. Yol. 12. 



212 


S. L. 0RSKOV. 


The osmotic pressure of the serum water and the cell water in 
normal blood and blood that has been poisoned is determined by 
K, Na, Cl and HC0 3 analysis. An excess of ions is found in serum 
and this is increased by lead poisoning, and more than the amount 
of cell water is decreased indicating that the higher haemoglobin 
concentration increases the “bound” water. 

In order to explain the problem of “bound” water 4 hypotheses 
are advanced and discussed. 

The expenses of this investigation were partly defrayed by 
a grant from the Carlsberg Foundation, which is gratefully 
acknowledged. 
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Some Relations in Gastric Stimulation by 
Intravenous Injection of Histamine . 1 

By 
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Received 5 Joly 1946. 


Popielski (1920), Keeton, Koch and Luckhardt (1920) and 
Kothlin and Gundlach (1921) discovered that /3-imidazolyl- 
ethyl amine (histamine) had a powerful stimulating effect on the 
gastric glands when given subcutaneously. They failed, however, 
in stimulating the glands by injecting the histamine intravenously 
all at once. Ivy and Javois (1924) and Gutowski (1924) when 
giving histamine intravenously over a period of 30 or 50 minutes, 
succeded in getting a copious flow of gastric juice. Thcyrcalized 
that not only the amount of histamine given, but also the time 
was of importance. 

Teorell (1932 and 1933) was able to show mathematically 
that in Popielski’s experiments the histamine was probably de- 
stroyed in the blood before causing any stimulation of the gastric 
glands. He proved that a constant histamine concentration in 
the blood must be maintained if a stimulating effect is to be the 
result. Such a constant level is reached only by a slow continuous, 
intravenous administration. Experimental studies, which can be 
taken as support for this theory, are made by Teorell (1937) 
and Emmelin, Kahlson and Wicksell (1941). 

In order to investigate the gastric secretion under the conditions 
given by a continuous, intravenous administration an apparatus has 
been built after the model given by Lindgken (1943). By this appara- 
tus a syringe is driven at a slow rate, which caD be varied over a wide 
range. Histamine of different concentrations can be injected in that way. 

1 All figures in this paper are cx pressed in terms ofhistamine-dihydroehloride. 
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Fig. 1. Gastric secretion after continuous intravenous injection of histamine. 
The injection is started at the time zero and continued at a constant rate. 
At 2.00 hours the injection is interrupted. Volume in ml/2 minutes. 

a) The amount secreted in 2 minutes. 

b) » » » >10 > 
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Fig. 2. The relation between the rate of injection (mg/hour) and the steady state 
volume secreted (ml/2 minutes). 

The following experiments have been carried out on a dog (19.7 
kg of weight) with a Heidenhain pouch. Before starting, the pouch 
has been washed out with warm saline. The injections have been made 
into a superficial vein of a leg. 

The volumes secreted have been recorded every 2 minutes. After some 
four to six minutes the gastric juice appears but does not reach a steady 
state before twenty to thirty minutes. After that an almost constant 
level can be maintained for hours. 

Fig. 1 shows a typical case. 

When the injection rate is changed a new constant level will 
be reached. Table I includes some different injection rates and the 
corresponding steady state volumes obtained in two minutes. 

Putting these values into a coordinate system we get the fig. 2. 

Prom this figure it is seen, that a maximal flow of gastric juice 
is easily obtained, a fact whicli ought to be kept in mind, when a 
secretagogue or an inhibitor substance is to be tested. Differ- 
ences in the stimulating or inhibiting effect can only be discovered, 
when the stimulation is submaximal. 

It is also seen, that there is no stimulation threshold for the 
histamine administered. The curve in fig. 2 passes through the 
origo, i. e. even very small injection rates initiate secretion. (Here 
the histamine normally existing in the blood of a fasting animal 
is neglected.) 

Further discussion and mathematical analyses of the results 
will appear later elsewhere. 
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Table 1. 

The relations beticeen the rate of injection and the steady state secretion 
during 2 minutes. 

(The first column, shows the concentration of histamine injected.) 


Cone, of 

Rate of 

Amount per 

histamine 

injection 

2 minutes 

pro mille 

mg/hour 

ml. 

0.025 

0.10 

<0.1 

0.025 

0.14 

<0.1 

0.025 

0.1? 

0.2 

0.10 

0.40 

0.41 

0.10 

0.40 

0.60 

0.20 

0.54 

0.09 

O.io 

0.G8 

0.82 

0.25 

0.95 

0.85 

0.25 

0.95 

1.08 

0.30 


0.94 

0. 30 

1.03 

1.04 

0.33 

1.29 

1.03 

0.25 

1.30 

1.34 

0.20 

1.50 

] .65 

0. 50 

1.78 

1.82 

0.10 

1.90 

1.95 

0.33 

2.00 

1.75 

0.30 

2.34 

1.78 

1.00 


2.07 

0.33 

2.53 

2.10 

1.00 

2.70 

1.90 

0.75 

....... 2.85 

1.91 

0.75 

2.85 

2.11 

0.50 

3.40 

2.7 c 

0.50 

3.50 

2.67 

1.00 

3.80 

2.og 

0.20 

3.92 

2.34 

1.00 

4.50 

2.25 

0.25 

4.80 

2.30 

1.00 

5.20 

2.49 

1.00 

5.4 0 

2.30 

1.00 


2.4 0 


Summary. 

By a slow continuous, intravenous administration of histamine 
the gastric glands are stimulated, and the relations between the 
stimulation and secretion are .discussed. 
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It is a well known fact that the growth of tissue cells in vitro 
stops even under the most favourable conditions long before the 
surface of the culture medium is covered with cells. A size of 
5 mm in diameter, often met with at the end of the growth in 
aDj Carrel flask (30 mm in diameter), makes only 1/36 of the sur- 
face. .The disproportion between terminal size of the cultivated 
tissue and the amount of medium (1 — 200,000 by weight) seems 
to indicate that the tissue in question has at its disposal a rather 
limited “span of life” under these experimental conditions. This 
remarkable fact gave us an occasion to analyse the problem in 
which an important biological principle seems to be involved. 
This investigation might also disclose why a few scattered' cells 
or a single one are unable to multiply and give rise to new cell 
colonies, as do single bacteria. 

In this paper experiments are described which throw light upon 
the factors operating in the cessation of growth. 

1. When the growth of an explanted fragment of tissue comes 
to a stand-still in a culture medium which is about 200,000 times 
the weight of the tissue, it seems improbable a priori, that the 
arrest of growth can be attributed to accumulated waste products 
of the tissue cells or lack of nutrient substances which the follow- 
ing experiments confirm. The cause is to be looked for within 
the tissue itself if anything rather than outside in the medium. 
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In flask cultures containing mesenchyme cells which, had 
multiplied under optimal conditions until growth ceased, a new 
tissue fragment belonging to the same strain of cells was inserted 
in that part of the coagulated plasma which was free of cells. 
Area measurements showed that while the growth of the original 
tissue had ceased, the tissue later implanted continued to grow 
normally and reached a considerable size. Still more instructive 
was another experiment in which we were able to show that a 
coverslip culture which has ceased to grow resumes its activity 
when excised and reimplanted in another part of the same 
plasma drop. 

This shows that the act of transplantation itself must be the 
immediate cause of the “rejuvenation” of the tissue. 

An example from another set of experiments is this. Under 
identical conditions one tissue fragment was placed in one flask, 
while four other fragments belonging to the same strain were 
placed in an identical medium in another flask. At the end of the 
experiments, when the growth had ceased, the surface areas 
were measured. The final area of growth of the single fragment 
amounted to 1,793 units, while the sum of the total areas of the 
four fragments amounted to 5,460 units. Thus the total area of 
the four fragments exceeded by far the area which the single 
fragment attained under identical conditions. Finally it is also 
possible to obtain a growth which covers the entire surface of a 
flask by introducing numerous small bits of tissue in the medium. 
It therefore seems natural to assume that the main cause respon- 
sible for the growth limitation is not to be found as a defect of the 
surrounding medium, but in an intrinsic factor in the tissxie itself. 

Our attention should therefore be directed towards the so- 
called “residual growth energy” of the tissue; a concept which 
was introduced by Carrel and co-workers. According to these 
authors the “residual growth energy” of a tissue in vitro is measured 
by the rate of proliferation in a protective medium, a physio- 
logical salt solution or a plasma medium not containing embryo 
extract. Further, the residual growth energy is related to the 
inherent energy, so that changes in the latter may be derived 
from changes in the former. 

Earle and Thompson (1930) discovered long ago that the size 
of the terminal area of growth depends on the initial size of the 
explanted tissue fragment. Without knowledge of their paper 
Ephrussi and Teissier (1932), in measuring the residual growth 
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energy according to Carrel, also found that the residual growth 
depends not only on the amount of growth substances and nu- 
trient material which the particular tissue contains at the be- 
ginning of the experiment, but also on the size of the tissue frag- 
ment. This we have been able to confirm and furthermore de- 
monstrate, contrary to the interpretation of Epheussi, that it 
also holds good when the medium contains ample amounts of 
growths promoting substances. Eig. 1 illustrates an experiment 
of this kind (Exp. 6,665). A culture was cut into fragments of 
different sizes and the fragments transferred to identical media 
on coverslips. The smallest fragment ceased to grow at an earlier 
time than the sister cultures with larger initial areas. This clearly 
demonstrates that the cessation of the growth is independent 
of the composition of the medium and is in no way due to an 
accumulation of waste products or to lack of nutrient material 
in the part of tie medium not invaded by tbe cells. The explana- 
tion may be that the tissue itself contains important substances 
which are not present in the culture medium and which may be 
supposed to be consumed by the cells during a single growth 
period. How would it then be possible to explain the re-appear- 
ance of these substances, which are supposed to be completely 
consumed on transferring the tissue to a fresh medium? As we 
shall se later, this explanation is nevertheless the right one. 

The theoretical considerations of Buch Andersen and Exscher 
(1928) show that the growth (increase of radius with time), pro- 
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ceeds according to a typical S-curve, winch gives evidence that 
an inhi bitory factor a in the growth, formula: 

dr 

— = k — ar t (r = radius, t — time) 
dt 

is already active from the beginning of the growth. 

The residual growth energy according to Carrel is an expres- 
sion for the amount of a growth substance or of a simple reserve 
of nutrient material contained in the cells, which might partly 
explain why a larger fragment will continue to grow and cover 
a bigger area than a smaller one under the same conditions of 
experiment. But since this also holds true just the same under 
conditions for optimal growth, it indicates a mechanism which 
must be entirely characteristic for the growth of tissue cells 
in vitro, regardless of whether the medium contains abundance 
of adequate nutrient material or not. 

The mathematical formulation of the growth indicates that all 
growth-curves are sigmoid curves and since the cessation of the 
growth can not be explained by an inhibitory effect due to accumu- 
lation of waste products or lack of nutrient material in the medium 
for which we have evidence, the S-shaped growth curve obtained 
even under optimal conditions must be the expression of a true 
residual growth. In other words this indicates that one or several 
important substances may be exhausted during the growth in 
vitro. This theory actually explains why a larger fragment of 
tissue will reach a bigger terminal area of growth than a smaller 
one. 

On the basis of the theoretical consideration quoted which 
Btjch Andersen and Fischer advanced about 16 years ago, 
that the inhibition of growth increases with the linear extension of 
the tissue — it was suggested that the cause was to be found in 
diffusion processes. It now seems possible to confirm this idea 
by means of experiments. 

2. Before we proceed with tbe main problem to be dealt witb 
here, it is necessary to include a short description of the mecha- 
nism of tissue growth under the special conditions prevailing in 
vitro. 

The first question is: What is the immediate cause for the ra- 
dial migration of cells from the explanted tissue out into the sur- 
rounding medium and what are the conditions, which determine 
the radial-symmetrical growth-polarity of the cultured 
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When tlie tissue fragment is removed from the organism and 
placed in the culture medium, the conditions for the tissue are 
radically changed. The migration of the cells from the closely 
packed tissue fragment indicates this. The composition of the 
limited medium in vitro must vary incessantly, due to the waste 
products which diffuse out of the cells. With the tissue as centre 
a radial concentration gradient of metabolic products will arise 
which is responsible for the migration of the cells out into the 
medium. 

The migration is the manifestation of a one-sided influence 
to which the cells are subject. The cells are not able to eliminate 
the waste products in any other way than “fleeing” from them. 
Burrows (1913) who many years ago suggested this mechanism, 
says: “The cells radiate out on all sides like the light waves from 
a central illuminating body.” When the cells are in afield of force, 
in this case a field of diffusion, they are affected one-sidedly by 
chemical substances, hence the cytoplasm will respond differ- 
ently on the two sides, and each cell will adjust itself in such a 
way that symmetrical parts of its surface will be met by the diffu- 
sion line at the same angle. Migration of the cells makes the main 
contribution to the areal increase of the tissue and the increase 
in mass is provided for by cell multiplication which makes up 
only a small fraction of the “growth process”. It is therefore prob- 
ably in the nature of the migratory activity of the cells that we 
may primarily look for an explanation of the early cessation of 
growth in a large excess of culture medium. 

Since the radial migration of the cells from a fragment of tissue 
irrespective of its shape, results in a circular cell-colony wherein 
the mitotic activity of the cells reaches a maximum within 24 
hours, a gradual decrease of cell density will occur towards the 
periphery of the tissue on account of the divergent migration 
of the cells and the decreasing rate of cell division. The circular 
shape must therefore be the result of a state of equilibrium. There 
is much to indicate that the distribution of the cells in the colony 
or the “degree of disaggregation” is a decisive factor in determin- 
ing the cessation of growth. This growth balance may roughly 
be expressed in the following scheme: 

Cell association-cell migration — cell multiplication— cell dis- 
aggregation 

metabolic minimum) (metabolic maximum) (degeneration) 
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According to this, the terminal size oj a given culture will always 
depend upon the number and density of cells in the cxplanted tissue , 
regardless of the composition of the nutrient medium. Only with an 
extreme excess of fresh embryo extract does it seem possible to 
break this rule. This will be mentioned later. From this we may 
conclude that, except with extremely large amounts of embryo 
extract, the size of the colony of cells under identical conditions 
is almost proportional to the size of the explanted tissue fragment. 

3. On the basis of the available facts, much speaks in favour of 
the idea that the terminal dissociation of the cells in the marginal 
zone of growth is in some way or other the immediate cause of the 
cessation of growth. At any rate changes in the great bulk of the 
surrounding medium, such as an exhaustion of nutrient substances 
or a saturation by metabolic waste products can not be respon- 
sible. 

At the time when the marginal cells of the tissue evidently 
become scattered as the result of the radial spreading, they undergo 
visible changes which indicate that they are suffering from an 
inadequate milieu and in that respect they contrast with the cells 
in the intermediary and the central zones of growth, which have 
a normal appearance. This phenomenon is familiar to those work- 
ing with tissue cultures. One could not have expected that in 
particular the dissociated cells in the most peripheral part of the 
tissue would be the first to suffer a vacuolar and fatty degenera- 
tion. It has been difficult to understand just why the most periph- 
eral cells in the culture should die first, since they are immediately 
exposed to the fresh part of the medium. Szantroch (1932) was 
the first to call attention to this puzzling fact, which now seems 
to be well explained. Very often it can be observed that only 
one or two cells, at the very end of a long, thin chain of cells pro- 
truding out into the medium from the main colony, are very 
much vacuolised. The most peripherally located cells in the culture 
are really the oldest — but this does not explain why just these cells 
should suffer most from a deficiency, when they are surrounded 
practically on all sides by a perfectly fresh culture medium. 

That it is in the marginal zone of growth that the cells are 
scattered and degenerating shows that the cells, on the average, 
are not able to migrate further out without being irreversibly 
damaged under the experimental conditions. 

Doubtless it is in the conditions among the “dissociated” cells 
in the periphery that we must look for the actual “barrier” to 
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additional cell displacements in outward direction. When the 
cells reach this stage of aggregation they become damaged, undergo 
the above named degeneration and die. Parker (1936) reported 
interesting experiments in which he was able to cultivate a single 
colony of tissue cells in the same CARREL-flasks for more than 
one year. He described how in the peripheral zone of the tissue, 
degeneration and death of the cells resulted in a compensatory 
migration from the interior of the solid, central part of the tissue. 
This phenomenon of marching on of the cells within the same 
spot gives a good illustration of what really happens in the normal 
culture, when the areal spreading is nearly at an end. 

All the observations made (for more details see Fischer (1946)) 
indicate that the conditions for the maintenance of cells in the 
central part, representing the great mass of packed cells, are very 
different from those in the peripheral zone of more or less scat- 
tered cells. In other words, the cells in the compact mass of the 
tissue in the central part and in the intermediary zone are separa- 
ted from each other by only very narrow intercellular spaces in 
contrast to the very large spaces between the cells in the marginal 
zone of growth. 

The question is: How is it possible for scattered cells to act as 
an obstacle to the expansive growth of the cells out into the free 
culture medium? We have shown, by introducing numerous 
small fragments of tissues into a CARREL-flask, that it is possible 
to have the entire surface of the medium covered with cells. It is 
also possible to obtain, from a single fragment of tissue, a growth 
covering the entire surface of a CARREL-flask (Baker 1939). 
This author does not say how often this experiment can be 
reproduced. A big growth like this could only be obtained by using 
a very large quantity of embryo extract (66 p. ct. in the medium) 
which perhaps indicates that the extract may contain an impor- 
tant factor present only in a very low concentration. 

4. In an earlier publication (Fischer and co-workers 1945) 
experiments were described with the purpose of testing whether 
the difference in behaviour of the cells in the marginal zone and 
in the central part of the culture could be explained by differ- 
ences in oxygen tension. The experiments showed, however, that 
the influence of the oxygen tension was not responsible. 

Investigations on the significance of amino acids, and other 
low molecular substances (Fischer 1941, 1942) contained in the 
blood plasma, for the maintenance and growth of tissue cells, 
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showed clearly that the lag is a most critical period to he over- 
come when the medium does not contain enough of the right 
intermediary products. All the cells in the culture are filled with 
big vacuoles when the medium is insufficient. If the cells do not 
get a good start they will slowly disintegrate. It is well known 
from the study of bacterial growth, that the lag is a period during 
which essential intermediates are built up (Hinshelwood 1944), 
and that it may be shortened by the addition of a filtrate from the 
appropriate growing culture. 

Since the migrating tissue cells in the culture do not distribute 
themselves on the entire surface of the medium, but stick together 
forming a closed community in which the cells are more or less 
connected to each other by protoplasmic bridges, an extensive 
growth covering the entire surface of the medium can probably 
only be obtained when a very large amount of the important 
intermediates can be supplied. So far this has only been accom- 
plished by Baker (1939), who was unable to give any real expla- 
nation. The embryo juice naturally must contain great amounts 
of intermediates, which may be responsible for the large growth 
obtained by this author. It is no doubt of importance to use the 
embryo-extract immediately after it has been prepared, other- 
wise the intermediates may mutually react or be adsorbed on to 
the easily denaturing proteins, with marked reduction in their 
effect on the cells. It is possible to obtain a very large growth 
from a single fragment of tissue by using huge amounts of embryo 
juice and since the growth otherwise is limited, the final size 
being proportional to the size of the explanted tissue, it seems as 
if the latter phenomenon may be of an intrinsic nature. 

The question is then: Is there any connection between these 
two phenomena, the unlimited growth obtained by Baker and 
the limited growth under the common conditions, that is, are 
the substances present in the embryo extract identical with those 
contained in the tissue fragment itself which seem to disappear 
during a single growth period of, let us say, 3 — 4 days? If they 
are identical, how is it then possible for “the exhausted tissue 
fragment” to recover and grow again, after a transfer to a new 
medium? 

According to the nature of the growth of the cells in vitro, the 
radial spreading from the tissue fragment reaches a maximum 
at the time when the growth is about to stop. At this time the cells 
undergo a vacuolar and fatty degeneration and disintegration fol- 
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lows. Between the spreading of the cells and their degeneration 
there must be a causal connection. Evidence for this is established 
by the fact that the cells migrating from very small fragments of 
tissue suffer an early degeneration and disintegrate rapidly. 

It is possible to .prevent the rapid degeneration of the cells and 
thereby demonstrate that its immediate cause actually is the 
spreading of the cells. Two fragments of tissue were placed in the 
same medium, with a distance between them such that their 
zones of growth would meet about the time the peripheral cells 
would undergo vacuolar degeneration. The peripheral cells of the 
two colonies showed the usual signs of degeneration, with the 
exception of those in the space between the two colonies where 
the cells were about to meet. 

These facts suggest that strong social forces bind together 
the tissue cells which are unable to survive unless they are allowed 
to communicate almost directly with other cells. Thus it becomes 
evident that the scattering of the cells in the marginal zone of growth 
must be the 'primary cause of their degeneration and disintegration. 
It is a fact that the cells in the central part of the tissue, where 
they are closely packed together in several layers, live much 
longer than those in the periphery. The only explanation for this 
paradoxical behaviour is that the cells in the marginal zone are 
compelled to take up an unfavourable situation, characterized 
by an interruption of the social connections between the cells. 
"When the population of cells decreases in the marginal zone 
of growth, they will be separated by larger open spaces which 
will lead to an escape by diffusion of important intermediates 
from the tissue. From the narrow interstitia in the closely 
packed central part of the tissue escape by diffusion is much 
retarded. 

This explanation of the behaviour of the cultivated tissue cells 
in vitro may lead to an extension of our knowledge of some of the 
most characteristic features responsible for the perfect social 
properties displayed by the cells in higher organisms. It will 
then probably be possible to enter an important new field of 
investigations which hitherto has been inapproachable and rather 
obscure, namely the regions beyond the smallest units of the 
blood vessels, the intercellular spaces. The method of tissue culti- 
vation may here have an opportunity to give new information. 
The intercellular space in general is probably the theatre where 
most important interactions of the cells take place. The flow of 
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the intercellular fluid must be relatively, slow and the concentra- 
tion of intermediates rather high. 

Many years ago one of us (Fischer 1923, 1927) called attention 
to the phenomenon that single isolated cells scattered in a culture 
medium with ample amounts of embryo extract are- unable to 
multiply and give rise to new colonies of cells as do the bacterial 
organisms. It is therefore by no means impossible that the. ex- 
planation for this is in principle the same as is responsible for 
the disintegration of the peripheral cells in a culture when growth 
has ceased. It was suggested at that time that the cytoplasmic 
bridges between the individual cells in the organisms, as well 
as in the culture, represent an important organ by which- sub- 
stances (desmones) or stimuli of various hinds might he ex- 
changed. It would be worth while to take up again this question 
for further consideration. On the other hand cytoplasmic bridges 
from cell to cell may he a physiological system of another type 
than that of the interspace of the cells, both of which provide 
for the maintenance of a strong social system among the cell 
elements. 

From experiments on cultivation of tissues in vitro we now know 
with certainty that the composition of the intercellular fluid is 
different from that of the plasma medium used for the cultiva- 
tion of the cells. When to this medium a large excess of embryo 
juice is added, as shown by Baker, the cells will be able to retain 
their juvenescent stage and able to cover the entire plasma 
surface with young cells. 


Summary. 

1. The mechanism of tissue growth in vitro is summarized 
taking in special consideration the factors which bring about the 
discontinuation of the growth. A special attention is called to the 
remarkable fact that under the ordinary conditions of experi- 
ment the terminal area of growth is almost proportional to the 
size of the explanted tissue. 

2. Neither the waste products produced by the cells nor lack 

of food can be made responsible for the arrest of the growth during 

a single cultivation period. 

3. The radial-symmetrical growth of the tissue is the result of 
the migration of cells in part those already present in the tissue 
as well as those formed by multiplication. 

16 — 162524. Acta pftys. Scandinav. Val. 12. 
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4. At the end of the growth period only the cells in the marginal 
zone undergo a vacuolar and fatty degeneration which leads to 
their disintegration. This indicates that the cells suffer from a 
deficiency due to the increasing distance between the cells, a 
situation which brings about that intermediary metabolic sub- 
stances escape from the cells by diffusion out into the medium. 

5. The main cause for the limitation of the growth is not to 
be found in the formation of an inhibitory factor but in an escape 
from the dilated interspace of important intermediates, an explana- 
tion which was foreseen many years ago by Buch Andersen 
and Fischer in their formulation of the growth curve, a theory 
for which evidence now is available. 

6. The results are discussed as to the significance of the inter- 
space and the cytoplasmic bridges between the tissue cells for 
the maintenance of the strong social relations of the cells. 
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The majority of the methods of quantitative determination of 
potassium in animal fluids, recommended in the literature, are 
based on the methods known from inorganic analysis of preci- 
pitation by means of chloroplatinic acid or sodium cobalti- 
nitrite. Lately, the use of organic precipitation substances and 
of spectrographic analyses has been proposed in this connection 
(Fredholm 1936, Thomsen* and Lee 1937). However, these 
methods do not seem to have been widely adopted. The cobalti- 
nitrite method has generally been preferred in routine physio- 
logical and biochemical practice, in some cases supplemented 
by silver salt. In the urological technique, it can, in spite of its 
defects, nowadays probably be regarded as predominant. Its 
greatest drawback lies in the fact that the composition of the pre- 
cipitate varies according to external circumstances, such as the 
temperature, or according to the concentrations of the reactive 
substances. Most authors, therefore, advocate this method for 
clinical practice in the form of a comparison, generally by colori- 
metric means, between the precipitate from the test and from a 
standard solution of known potassium content (Breh and Gaeb- 
ler 1930, Dukes 1939). However, this procedure may be regarded 
as highly empirical and the sources of error inherent in it are 
numerous. 

Considering the significance of a quantitative determination 
of potassium in the urine, in general physiology as well as at 
metabolic investigations and urine analyses included intheclin- 
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ical routine, a more appropriate and handy method has seemed 
desirable. Such a method is, in fact, at our disposal thanks to 
the periodic acid now in the market. 

The precipitation of potassium as a periodate has been suggest- 
ed by Greathouse (1917) as an analytical method. This process 
was later studied by Hill (1928) and further developed by Wil- 
lard and Boyle (1941) into a determination technique on in- 
organic material. On the other hand, it has apparently not been 
employed in biochemistry. Still, by observing certain precautions, 
this method has been found suitable both as regards animal 
tissues, fluids and minor organisms (e. g. fish spawn and plancton). 
As a rule, certain preparative treatments of the original material 
are called for. However, at an estimation of potassium in the 
urine, the preparative treatment may be simplified to a great 
extent under certain circumstances, without a deterioration in 
the accuracy of the determination. 

The method thus obtained i& quick and simple, not requiring 
any outfits other than those of ordinary laboratory equipment. 
However, certain precautions should be observed, above all, 
•with regard to the tendency of the periodate to become reduced 
by different substances. The isolation process cannot be completed 
in an aqueous medium owing to the solubility of the potassium 
periodate (approx. 0.5 % at room temperature). Furthermore, 
the precipitation should be performed in such a way as to prevent 
the inclusion of by-products in a form that may interfere with 
the result of the determination. 

Under normal conditions, the following procedure has been 
found advisable: 2 ml of the filtered or centrifuged urine are 
transferred by means of a pipette to a sintered glass filter cru- 
cible (porosity No. 3 or 4) of an approximate capacity of 30 ml, 
tightly stoppered from below by means of a carefully adapted 
rubber plug and supplied with 1 or 2 ml of a concentrated aqueous 
solution of periodic acid. Then 20 ml of a compound of equal 
parts of 96 % ethyl alcohol and ethyl acetate are added and the 
ingredients are thoroughly mixed. Should the mixture become 
milky or opalescent, more of the periodic acid solution is required. 
The filter crucible, the contents of which must be stirred re- 
peatedly with a platinum thread or a narrow glass rod, is left 
in a refrigerator for 30 minutes at a temperature of 0°. After 
this time, the rubber plug is extracted and the crucible is applied 
to a suction aggregate. When the liquid has been removed, the 
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precipitate is washed 4 — 5 times with a few ml of ethyl acetate, 
which has been cooled to 0 — 4°. Cate should be taken that no pre- 
cipitation substance remains at the upper part of the walls of the 
filter crucible. 

The obtained precipitate does not generally consist only of 
potassium periodate (KJO t ) but also contains a varying quantity 
of other components, according to the nature of the urine. 

Thus, the weight of the precipitate as a rule becomes greater 
than corresponds to the potassium content of the test. Gravi- 
metrical determination would therefore be misguiding. The pre- 
cipitated by-products, on the other hand, do not affect the volu- 
metrical determination by titration with arsenite, which may be 
carried out as follows : 

The filter crucible, which has been well cleaned on the outside 
and along the edges, is placed together with its contents in a 
capaciuos glass vessel (volume approx. 350 ml). About 100 ml 
of a buffer solution is added, preapared from equal weights of 
boric acid and borax in 30 parte of distilled water. 1 The precipi- 
tate will in this way easily he dissolved. A few grains of potas- 
sium iodide are then included. The periodate is reduced to iodate 
and the liquid is stained by liberated iodine. Its quantity is 
determined by titration with a 0.1-normal arsenite solution. 

This is prepared by dissolving 4.945 g of pure arsenious oxide (As 2 0 3 ) 
at 80° in approximately 400 ml of water to which 10 g of water-free 
soda has been added. Carbon dioxide is then introduced to a neutral 
or weak acid reaction and the solution is diluted to a volume of 1,000 ml. 

The quantity of potassium in mg is obtained by the multipli- 
cation of the required arsenite solution in ml by tbe factor 1.955. 

The accuiacy of this procedure was checked with regard to 
normal urine of man and certain mammals (Bos, Cavia). The 
control tests were carried out on the basis of two different cri- 
teria. Firstly, the results were compared with determination of 
the potassium content of the ash from one and the same urine 
sample. Secondly, the potassium content of the urine was varied 
by the addition of established quantities of potassium salts, 
and the suitablility of the method of accounting for these varia- 
tions was examined. 

A few examples are given here in illustration of this. As regards 
the ash analyses, recorded in Table 1, the relation between tbe 

1 P H = approx. 7.5. 
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1 Incineration incomplete. 
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absolute weight and the oxidizing capacity of the precipitate 
is fairly constant and consistent with the presupposition that the 
equivalent weight of the precipitated substance is identical with 


that of potassium periodate 



Thus, the gravimetrical estima- 


tions of the potassium content harmonize with the results ob- 
tained by titration (cp. columns 5 and 6). The complete incinera- 
tion of the urine is a prerequisite in this connection. When the 
incineration is incomplete the gravimetrical method usually gives 
too high values (cp. the first operation of the 30/5). 

In the directly performed analyses ( i . e. without incineration) 
of the same urine samples, no constant relation is found between 
the gravity and the oxydizing capacity of the precipitate. In all 
these experiments, the precipitates exhibit an excess weight 
which has indeed quite a variable magnitude (cp. column 11). 
The potassium content of the urine cannot therefore be estimated 
gravimetrically. On the other hand, the values obtained in the 
lodometrical titration harmonize well with the results of the ash 
analyses (cp. columns 8 and 9). Evidently the surplus gravity is 
caused by substances not interfering with the titrimetrical pro- 
cess. Thus, the titrimetrical determination of potassium in this 
connection is possible without the complications generally in- 
volved in the incineration process. 

In the experiments, recorded in Tables 2 and 3, at first a titri- 
metrical determination of the proper potassium content of the 
urine sample was performed. The results were checked by means 
of determinations of the potassium content of the ash. Then, the 
composition of the urine was modified by the addition of solid 
potassium sulfate or 0.2 N aqueous solution of K 2 S0 4 . 


Tnblo 2. 

Tiirimelrical determination of potassium separated as periodate from 
human urine with and without addition of various quantities of 

potassium sulfate. 



Natural 

Ash of 

Urine + 

k„so 4 


urine 

urine 



Quantity of sample . 

2.0 ml 

2.0 ml 

2.0 ml 

2.0 ml 

Added potassium . . 

— 

— 

15.C mg 

7.8 mg 

Found > 

4.9 mg 

4.9 mg 

20.7 mg 

12.9 mg 

Calculated > . . 

— 

— 

20.6 mg 

12.7 mg 
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In the first case (Table 2) 0.01 and 0.005 mols of the salt were dis- 
solved in 100 ml of urine. 2 ml of each solution were examined. The 
values obtained were but slightly higher than the theoretical values. 

Table 8. 


Titrimetrical determination of potassium separated as periodate from 
human urine with and without addition of various quantities of O.s N 
solution of potassium sulfate. 



Natural 

urine 

Ash of 
urine 

Urine + 0.2 N solution 
of K,SO< 

Quantity of urine . 

2.0 ml 

2.0 ml 

1.0 ml 

1.6 ml 

Added potassium . . 

— 


7.8 mg 

3.9 mg 

Found > . . 

2.0 mg 

2.0 mg 

8.6 mg 

5.8 mg 

Calculated > . .. 

— 

— 

8.8 mg 

5.4 mg 


In the second case (Table 3) the urine was modified not only 
with regard to its content of K 2 S0 4 but also concerning its degree 
of dilution. The results of the analyses were a trifle lower than the 
theoretical values. 

Summary. 

A procedure for the quantitative determination of potassium 
based upon the separation of this metal as a periodate was applied 
to biological materials. It was found to be of particular value in 
urological practice, since no preparative treatment of the urine 
was required. The precipitate holds certain by-products which 
nevertheless do not interfere provided the determination is ac- 
complished by means of iodometrical titration. 

A procedure fitted for determination of the potassium content 
in urine samples of 2 ml was reported. The accuracy of this pro- 
cedure was tested on the normal urine of man and certain mam- 
mals. Some control tests were published in Tables 1 — 3. 
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During the past three decades alternating current conducti- 
vity measurements have been employed frequently as a mean of 
characterizing living cell and tissue “permeability”. In general one 
has measured the same object in rapid succession with A.C. of 
several, different frequencies and the results have been expressed 
in terms of parameters of a so called “impedance locus diagram” 
according to Gildemeister-Lulltes-Cole. (For a fuller treat- 
ment of the theory of alternating current measurements on bio- 
logical objects refer to the reviews by Lullies (1930), Cole 
(1933, 1936, 1940), von Muralt (1935) and Duyff (1942). Cf. 
also Teorell & Wersall (1945).) A typical locus diagram is 
Fig. 1. 

A serious draw-back of the A.C. impedance method of this 
type is that a complete set of measurements takes a considerable 
time, several minutes or more depending on the number of 
frequencies required to yield a good locus diagram. During this 
time it may happen that the object changes its impedance 
properties more or less rapidly, hence the resulting diagram 
may be greatly in error. Very rapid impedance changes were 
observed for instance by Cole & Curtis (1938, 1940) on electrical 
stimulation of the Nitella algae or the Loligo nerve. These authors 

1 Tliis work has been aided by grants from the Rockefeller Foundation and 
from the “Stiftelsen Therese och Johan Anderssons Minne Fond”. I am also under 
great obligation to Mrs Gudrun Persson-Jemt, M. K., for valuable assistance 
given in the course of this work. 
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had devised a special bridge method "which enabled them to analyze 
the quick impedance alterations. Recently in our own attempts to 
record the transient effects of direct current flow on the isolated, 
surviving frog skin it was found necessary to abandon the usual 

slow “point to point” A.C. 
method and instead search 


R 



the steady state D.C. resistance (frequency 
= 0), R OT = the extreme high frequency 
resistance, Rp = parallel resistance, Z,, Z, 
impedances at two intermediate frequencies 
with phaso angles y,, y t . fp is 90° only when 
the “polarization element” (Cr) is a pure 
capacitance. 


for a simple procedure capable 
of recording “instantaneous” 
impedance (or rather polar- 
ization) changes. Below we 
will describe “direct current 
transient analysis” or “square 
wave analysis” as a method 
fulfilling our requirements. 

Among biologists already 
Lullies (1. c. p. 1257) pointed 
out the theoretical connection 
between the investigations 
employing sinusoidal currents 
and those using “rcchteckige 
Stromstosse”, although he never 
seems to have attempted any 
detailed analysis in this respect. 
The same is the case also with 
Cole (1936, p. 75), who in a 
general way stresses the possi- 
bility of employing "transient 
analysis” for impedance meas- 
urements by aid of Fourier 
harmonic mathematics. Mur- 
doch & Zimmerman discussed 
somewhat more in detail these 
questions in connection with 
electrode polarization studies. 
The actual impetus, however, 
to a practical use of "transient 
analysis” has recently come from 
the ' television radiotechnique, 


where the performance of video 
amplifiers has been characterized by "square wave testing” (Swift; 
Walker; Hoadley & Lynch; Emery and others. For the present 
paper the practical schemes of Bedford & Fredendall have been 
of great importance). The aims of the television engineers find the 
biologists are, however, rather different and therefore this paper 
attempts to apply and modify the engineering technique to the 
requirements of the biologists. 
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The Theoretical Eolations between the Eesponses to Sine 
Waves, Square Waves and Direct Current Transients. 

1) Sine wave response: — If a pure sine wave voltage is im- 
pressed on a complex impedance, as for instance a biological 
object with the equivalent circuit of Fig. 4, the steady 
state output voltage 1 will still remain sinusoidal but changed in 
amplitude and phase (cf. Fig. 2) to values varying with the fre- 



Fig. 2. delations between a sinusoidal input voltage ( E ) and the output voltage (e) 

in a complex circuit. 

The output wave is still sinusoidal but the phase is shifted in <p degrees 
(negative sign in a circuit of the biological type. Fig. 4). 


quency employed. This is best illustrated by vector representa- 
tion 2 as in Fig. 9. From the voltage vectors it is in general pos- 
sible to calculate the corresponding impedance vectors and thus 
the commonly used “impedance locus diagram” of Fig. 1 is ob- 
tained (cf. p. 236). Apparently each frequency point on such a 
diagram represents a separate determination. 

2) Square wave response: — If a periodical square wave is 
impressed on the same circuit the output voltage obtains a differ- 
ent wave form and amplitude, the squares will be “distorted” 
(Fig. 3). The phase relation between the input wave and output 
wave will, in the type of circuit considered, remain as marked in 


1 The term "output voltage” is used here in conformity with the practice 
in the radio-technique when dealing with four pole circuits. In this case "current” 
would be the more adequate term. 

5 For the use of vector algebra and the “symbolical method” of calculations 
of A.G. circuits reference may begivento, forinstance, S mith.Fbaenckel, Hattpee 
or SOHONHOLZEB. 
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Input wave 

(open' c/rcuifj 


Output wave 



Fig. 3. Relations between a square wave input voltage (E) and the output voltage 
(c) in a biological circuit. 

Tho output wave is "distorted”, the phase relations between the steep parts 
remain, however, unaltered. ei> and o m refer to steady state voltages of zero 
(= D.C.), and infinite (co) frequency respectively. 


Fig. 3. However, by a closer analysis of tbe input and output waves 
one can deduct the responses also of sme wave voltages and 
eventually a complete impedance locus diagram can be constructed 
just as with the varying frequency A.C. method, but with the 
important difference that only a half wave of the output voltage, 
generally of a very short duration, has to be recorded, i. e. an 
“instantaneous” determination is thus possible. 

This “square wave analysis” is based on the fact that the 
square wave consists of a multitude of sine waves of different 
frequencies, which are related to one another in a specific manner 
describable by a Fourier series. The “distorted” output wave, 
as observed on the cathode-ray oscillograph, is then a collective 
observation on the individual effects of all sine wave components 
making up the square wave. By aid of Fourier analysis, however, 
the output wave can be broken down into these separate com- 
ponents. 

It is well-known from Fourier wave analysis 1 that a periodical, sym- 
metrical square wave (peak to peak amplitude E = 2 E') can be re- 
solved into a series of sinusoidal waves composed of a fundamental 
frequency component together with all its odd numbered harmonics, 
the amplitude of each harmonic component being inversely propor- 
tional to its harmonic number (n). This Fourier scries can be written 
as follows (here to =2rr* frequency): 


1 Cf. Tor instance Smith 1. c. p. 221, Swirr 1. c. p. 24. 
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4ET 


sin tot + -| sin 3cot + ~ sin 5cot + . . • + ~ sin nwt ] 

3 rd fith nth hnrmonic (Eq. 1) 


fundamental 


The amplitude of any sine wave component of this input wave is e n 
(input) == iE'/mi (Eq. 2) and because cosine terms are lacking, the 

phase angle is 0 a (input) = 0. , ,, , , 

The distorted output wave owes its peculiar shape to the change oi 
both amplitude and phase relations which is exerted on the input 
components by the test object. The Fourier equation of the resulting 
symmetrical wave is 


f(t)ont = a i sin cot + ai sin 3cot 4- a c sin 5cot + • • • 

4- bx cos cot -)■ b 3 cos 3cot 4" b$ cos 5cot 4* (b'T 3) 

Here the amplitude of the n:th (odd!) sine component is e n (output) — 
= Ya* n 4 - b 5 n (Eq. 4) and the corresponding phase angle expression 
is tg 0 n (output) = b n /a n (Eq. 5). 


From Eqs. 4 and 5 it. becomes evident that the desired Bine wave 
values, i. e. peak amplitude and phase angle, can be easily obtained 
when the “cosine” and “sine coefficients”, b n and a n , of the Fourier 
series of Eq. 3 are known. The determination of these coefficients iB 
the aim of numerous methods described as "Fourier analysis”, “har- 
monic analysis”, "wave form analysis” etc. and we therefore refer to the 
special hooks where these procedures are described (for instance Man- 
lEy, see also Rothe, who employed a graphical method closely related 
to the one to be described later in this paper). 1 The principle of the 
transformation of the Fourier coefficients into corresponding coordinates 
of an impedance locus diagram will be described on p. 246. 


Although the “regular” Fourier analysis method is of a general 
applicability, it suffers from some serious disadvantages, namely 
that circuit constants can not be calculated at frequencies lower 
than that of the impressed input square wave and at higher fre- 
quencies can only those be evaluated which belong to 3, 5, 7, . . . 
times the fundamental frequency. As the results at the higher 
harmonics are less accurate, the number of useful points on tbe 
final impedance locus will be reduced to perhaps only three or 
four. In the following Bection the principles of another method 
will be outlined which overcomes these limitations. 

3) Transient response: — The response, for instance of a tissue, 
to a sudden make or break of a constant direct current is closely 
related to t hat of an alternating square wave as described in the 


nioU^t < s nt ! y j' D / A ' Broman has developed a graphical-numerical method spe- 
2 ^ for our purpose which employs only six y-coordinates pro half 

puhhshed d el C sewhMo ndm8 denvatlves of the out P ut Wave - This method will bo 
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previous section, in fact one can regard such a single abrupt 
“shock” as a part of a square wave of an infinitely long period 
(or infinitely low frequency). The Fourier wave theories can there- 
fore be extended to be valid also for electrical responses to such 
stepwise, abrupt voltage changes (such responses are defined as 
“transients”, the unit of the abrupt step voltage applied is usu- 
ally ‘called the “Heaviside unit function”). Roughly the steep 
front of the step can be regarded as the response corresponding 
to an A.C. sinusoidal wave of infinitely high frequency and the 
following constant, flat part as corresponding to zero frequency 
(i. e. direct current!). 

The exact theories show, however, that a step or unit function can 
be resolved into an infinite number of sinusoidal wave components of 
all frequencies, the amplitudes varying inversely with the frequencies 
(the common Fourier series is then transformed into a "Fourier inte- 
gral”, the relevant mathematical treatment may be found for instance 
in Bush; Brainerd etc.; Bedford & Fredendall or Emery). Be- 
sides by this multiple sine wave concept the transient responses can 
be mathematically treated in other ways, well-known is the Heaviside 
operational method (cf. Bush etc). 

From a practical point of view it is important that the response 
to a single, abrupt rise in a repealing square wave is essentially 
the same as the response to the Heaviside step voltage, provided 
the period of the repeating half cycles is taken long enough to 
insure that the output wave approaches a substantially constant 
level during the latter part of each half cycle. 

Thus it is evident that a step input voltage, or a long period 
square wave, impressed on a circuit corresponds theoretically to the 
simultaneous application of sinusoidal waves of the whole frequency 
spectrum. In other words, reversing the process and breaking 
dcnvn the distorted Output voltage curve into its sine wave components 
ought to yield exactly the same information concerning the 
circuit tested as the common “point by point” single frequency 
A.C. method. 

Repeating square waves are nowadays easy to produce by means 
of special generators and it is also convenient to visualize them 
on a cathode-ray oscillograph screen where photographical re- 
cording is possible. A practical procedure for the breaking up 
of the output waves into sine wave components will be described 
under heading 2 on p. 243. 
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Practical Procedures of Square Wave Analysis. 

1. Outline of the experimental conditions: — In order to make the 
description of the square wave analysis more concrete we may 
assume that our analysis concerns the circuit a — h of Fig. 4 (which 



f complex impedance *z) 


\ > to *mp/Sfter+c-KOScr//oprap/i <r 1 

Fig. 4. Scheme of circuit conditions in “square leave analysis". 

The teat object oxtonds between a — 6. A squaro wave generator and an 

amplifier + cathode-ray oscillograph sot up aro connected in parallel over a b. 

-R», Rp. r = resistances; Cp is a "polarization element” or capacitance (cf. 
Fig. 1). — E, Or, Oo,, ep and ez refer to the voltage veotors of Fig, 9. 

incidentally is an approximate equivalent scheme of many bio- 
logical systems). A small step voltage (10—100 mV), or rather a 
long period square wave voltage from a pulse generator (total 
output resistance r ohms) is impressed on the leads a and b. 
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Ouf/zut rrcrt-e . 



Fig. 5. Photographical records of an input square ware (left) 
and the output wave (right). 

These records belong to the "model” circuit described on p. 249. Note that it 
is sufficient to record only a part of a wave. The superimposed timing frequency 
(3000 c.p.s.) is visible on the input Wave. 


In parallel, the same leads are connected over a suitable amplifier 
with a high input resistance (D.C. amplifier or an A.C. one with 
a good low frequency response) to a cathode-ray oscillograph 
preferably with a linear time sweep circuit. A distorted “output’' 
wave as shown in Figure 3 or 5 can be recorded on the screen. 

This wave consists of a symmetrical combination of two identical 
perpendicular parts of the relative length of e TO and two curved parts 
flattening out to horizontal lines (provided the period is sufficiently 
long, vide p. 240!), which are e„ length units apart (c 0 is the output 
“peak to peak” amplitude; the corresponding input amplitude, on the 
open circuit, i. e. without the object between a and b, is E units). 

By some suitable timing devise markings of time intervals are 
introduced on the cathode-ray trace. This can be done by modu- 
lating the cathode-ray beam with a standard frequency source, 
thereby “time dots” are obtained. An other simple method is 
to apply a timing sine frequency of a barely detectable amplitude 
superimposed only on the input square wave E 1 (cf. Fig. 5). These 
small “teeth” are later projected optically on the enlarged pencil 
drawings of the output wave to give the foot points of the y-or- 
dinates described in the next section. 

The cathode-ray screen trace is photographed with a good 
camera, preferably on 3G mm film. To each series of output 

1 A small condensor is used for the bridging between the timing oscillator and 
the oscillograph input. 



2-ia 


'Vyiuiu: wavi: a.wu.vsjp" 


Input scfuore ivcrue 



Fig. 0. Difjran ilhi ‘tratir.y Ih * aunty!* nj nr, out /nil i ,v t iv rrtord. 

Only the curved pirt nb.ivc th<> "origu" line i« subject t'i the harmonic 
analysis ciewribcii in tin* (ext. The y-ordinntes are n-ril in the regular Fourier 
analysis, the ,, stcp<" e in the square wave analysis. — The lengths m, tv (find K 
belonging to the input travel fan directly yield !).('. nnd high frequency resistance 
when inserted in Kqs. 17 nml IS. — U',2 is the phnM* differenee hetween the netiml 
wave and it -s approximation i. c. the "stepped'' wave (dotted). 


exposures belongs one exposure of the open circuit amplitude 
E (with the time marking), nil taken under identical amplifica- 
tion and time sweep conditions. The film record is later projected 
as an enlarged picture, which is copied on paper in lead pencil 
(with the standard timing scale added). Those drawings, in a size 
of at least 20 x 00 cm, arc now used for the graphical analysis 
described in the next section. 

2. A method of decomposing a transient output wave into sine 
ware components : 

The following procedure is in the main based on a graphical analysis 
elaborated for television purposes by Bemoan & l<'iu:m:xn,\hc, who 
have also given a rather complete theory to which it may be referred 
(ef. also Embry, p. 1M). In the method below, however, an important 
theoretical correction has been included, which yields more accurate 
phase angles, and from a practical view point a convenient and simple 
vector addition apparatus has been constructed that is time saving. 

On a photographically enlarged drawing or copy of the out- 
put wave the lengths of the steep rise c m nnd the maximal nmpli- 

17 — iG3524. Acta j> hys. Scaiulinav. Vol. 12. 
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tudes E and e 0 are measured. On the curved part ordinates y„ y, 
etc. are drawn in the marks of the timing frequency with the 
origo as shown in Fig. 6 and their lengths measured. The greater 
number of ordinates taken, the better degree of accuracy will be 
obtained just as in the regular Fourier analysis which also starts 

with erecting equidistant or- 
dinates. Our experience shows 
that at least 12 ordinates are 
required which must extend 
over the whole visibly curved 
part (it is not necessary to 
use ordinates under the prac- 
tically horizontal part). 

The following operation 
consists in tabulating the 
differences Sj = (y a — 0), 
s 2 =.(y 2 — yO. s 3 = (y 3 — y 2 ) 
etc., which actually are the 
heights of the separate steps 
of a stepped wave that 
approximates to the original 
wave (as marked in the figure 
with the dotted curve.) 

Vectorial addition of the 
steps “s” is the next proce- 
dure, which takes place as 
follows: The lengths s lf s 2 , . . . 
are added consecutively end 
to end according to Fig. 7, each s advanced an angle 0 degrees 
in comparison with the previous s. It is important that s t is 
started with an angle 0/2 (see the figure). 1 The value of the 
vector angle 0 is determined by the frequency N of the sine wave 
to be examined and the standard timing frequency f according 
to the expression 

N 



Fig. 7. Scheme of the veclorial addition. 

The voltngo ‘'steps” s add up to a sum 
vector e P with the polar coordinates cp/yp, 
or rectangular coordinates Ap, Bp, which 
values aro used for calculation of tho 
impedance. Tho angle 0 depends on tho 
frequency to bo analyzed. 


0 = 


360° 


(G) 


1 Tho reason for this procedure is that tho "stepped” wave approximation 
lags tho true response Wave by one half a timing interval (cf. Fig. G). This fact 
is mentioned by Bedford & Frmexdsll but was neglected by them because 
they were interested only in relative phase relations, which appear correct without 
tho 01 2 correction. 
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(As the O : s ought not to exceed about 45° tho examination of 
higher N:s necessitates a finer time division, t. c. moro y-ordinates 
must be drawn.) 

The stun vector c F obtained for a particular frequency te now re- 
presenting a sinusoidal voltage vector, its magnitude being the 




L K3 


Fig. 8. Sketch of an apjnratu* for vectorial operation* consisting of rotating disc 
calibrated in degrees and a sealo (A) ndjuniablo in tho x-y-diroctions. B is a G0- 
degree scale. — A paper is mounted on tbo disc and, for instance, vectorial addi- 
tion is carried out as sketched with tho dot-dashed line. A suitable mechanical 
devise can make convenient the rotation with constant angles. 


peak to peak amplitude expressed in relative units and its angle 
rp r being the phase shift relative to the input voltage. 

The Cp of any frequency refers to the same constant, sinusoidal input 
amplitude E (this is a special feature of the Bedford-Fredendall pro- 
cedure). Tf, however, a regular Fourier analysis was employed, one has 
to consider the fact that the harmonics of the square input wave vary 
in amplitude inversely as their frequencies according to Eq. 2. 

For the purpose of a somewhat easier transformation of this 
voltage vector into an impedance vector it may be better to 
determine the former by its rectangular xy-coordinates, in tho 
Fig. 7 indicated as A p and B p . 

A simple apparatus for vector ailculations: Already Rothe (1. c) 
pointed out that the Fourier harmonic calculations would be simpli- 
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fied if polar coordinates were employed and recommended the use of 
’’Windrosen" on polar graphical paper for the necessary vector addi- 
tions. Recently Bedford & Fp.edendall also described the use of 
polar coordinate scales for their square wave analysis. The apparatus 
sketched in Fig. 8 is, however, more time saving and accurate than the 
polar paper scale procedures. This apparatus may be found useful 
also in the Fourier harmonic analysis [according to Rothe (1. c.)] 
of non-asymptotic square wave responses of the type mentioned on 
p. 239. 

On a base plate a plane, circular metal disc, ca 30 cm in diamter, is 
calibrated in degrees 0 — 360° and is movable with some friction around 
its center. By means of two "sledges” of metal tubings, mounted at 
right angles on metal rods, a millimeter ruler can be placed, always 
horizontal, in any position on the circular disc. On this disc a circular 
paper of a somewhat smaller diameter is fastened by aid of strips of 
adhesive tape. 

The use is as follows: The vector lengths, for instance the steps 
"s”, are drawn in sharp pencil along the ruler, the disc is then rotated 
the proper number of angle degrees (measured against a fixed pointer), 
the ruler is now moved to the last vector endpoint, a new vector is 
drawn etc. until all vectors are added (negative vectors are turned 
the opposite way). The length and angle of the sum vector are 
then easy to record. If desired, it is convenient to read instead the 
final xy-coordinates by the help of the scale “A” and a separate 
SO-degree scale "B”. 

3. The transformations of voltage vectors into impedance vectors: 
— Considering the principle equivalent scheme of Fig. 4, and 
employing vector notations throughout, the following conditions 


are valid for a particular frequency: 

E = e r + e z (7) 

e, = e„ + e p (8) 


E = e r + e z (7) 

e, = e„ -f e p (8) 



The relations between the various voltage vectors is elucidated 
by the vector diagram Fig. 9. 1 In complex component form ono 
can now write with the symbols of the diagram (j is the operator 

V—i) 

e s = A x + jB p and e r = A, + j(— B p ) 

These expressions inserted in Eq. (9) yield 

e z Aj + jB p 

Z = r • — = r • i rg- 

e r A, — jB p 

1 For the use of vector algobra applied to electrical circuit problems aeo 
referenceg in footnote 1 on p. 2 37. 
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According to the rules of vector division one obtains 
[AA + B p ( — B p )] + j[A 2 B p - A,(- B p )] 

A s 2 + B/ 


Z=r 


(10 b) 


The impedance vector Z has accordingly in polar coordinates 

.... ( 11 ) 


Aj 2 -f- B p 


the magnitude |Z| _ 

y A s 2 + B p 2 

7 7 , -^i( ®p) 

the phase angle w z = arctg -t—t — fir - , — vr~r 

AiA 2 + &p) 

BpE 


(12) 


£ r=4+4) 

s. 



rig. 9. Simple vector diagram -of voltage relations in the equivalent circuit Fig. 4. 

E and are relative voltages taken directly from the square wave records, 
Ap, Bp result from square wave analysis (or Fourier analysis of the y : s of Fig. 6, 
■when Ap = (n.n/2)anj Bp = (ntt/2ybn» cf. p. 239). er, ez» ep =■ voltage vectors; 
A Jf Aj abbreviations in the formulas; <fz = phase angle of the impedance vector. 
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The impedance vector Z can be resolved, if desired, into its two 
components, i. e. the series resistance R and series reactance X, 
according to the following expressions derived from Eq. (10 b): 

AjAjs — B p a 

P (13) 


the resistance R = r 


A a 2 + B p 2 


the reactance X = r 


B P E 


A a 2 + B p 2 (14) 

In these equations r is the total output resistance of the square 
wave generator, the symbols A t and A a are abbreviations composed 
of the quantities E and e„, which were measured directly on the 
output wave or its projection (cf. p. 243 and Fig. 6), and of A p , 
which was obtained, together with B p , as results of the wave 
analysis described in the previous section: 

Ax = e B + A p (15) 

Aj = E — (e„ + A p ) (16) 

The impedance vector Z, or its components R and X, are identical 
with corresponding quantities obtained with the common A.C. bridge 
methods and can now be plotted together with the Z-vcctors 
(or R and X values) of other frequencies to the desired impedance 
locus diagram. 

It should be noted that the impedance values for two particular 
frequencies, namely zero (the direct current value!) and the frequency 
oo -are easily obtainable from the values E, e D and which could be 
measured directly on the cathode-ray screen or the corresponding 
projection (cf. Fig. 3 or 6). Only a relative scale, for instance milli- 
meters, is necessary. These special cases of Eq. 13 arc 

x • e 0 


Direct current resistance R 0 = 


High frequency resistance R o 


E— c 0 

. £ • 

E — e_ 


(17) 

(18) 


Some Applications. 

In order to demonstrate the applicability of the square wave 
method for the determination of impedance quantities some exam- 
ples will now be given. 

1. A resistance-capacitance circuit composed of a resistor (104 £?) 
and a radio condensor (8.4 pF) with a shunt resistor (101 D) was 
employed as a "model” of the actual biological systems. The 
arrangement was the same as shown in Fig. 4. A square wave, 
unbalanced to earth of — 20 mV, and of 70 c.p.s. was impressed 
on the model circuit. The generator resistance r was 209 Q. The 



‘square wave analysis”. 249 

record on the 16 cm cathode-ray screen gave direct values on 
e 6 and e,, which inserted in Eqs. 17 and 18 yielded 


Direct current resistance 
High frequency resistance 
Shunt resistance R p (= 11, 
The value of the capaci- 
tance was determined at the 
“characteristic frequency” 1 
(Nc) according to Cole’s 
formula C p — 1: 2tz N c R p and 
was found to be 8.2 fiT? 
{theor. value 8.4). The 
positions of some experi- 
mental impedance values 
found by the square wave 
analysis (marked with crosses) 
can be compared with those 
mathematically calculated 
(marked with filled points) 
in the figure 10. The reason 
for the small displacement 
between the loci diagrams, 
caused by a somewhattoo large 
■S'ooj is unknown, but is of a 
rather insignificant order 
from a practical point of view. 

2. The effects of NaCl and 
KCl on frog skin shown in 
Table I constitute a good 
example of how changes in 
-D-C. resistance (R 0 ) and high 
frequency resistance (R m ) can 
v ery rapidly follow some 
type of stimulating or inju- 
rious treatment of a living 

. *• e - tile frequoncy where the 
eriea roactanco X is at maximum. 

can bo graphically interpolated 
fom the actually measured 
requencies. In this case when 
<^*1 7 Cp can also be cal- 

u ated trom any frequoncy point. 


R„ = 209 Q (theor. value 205) 
R„ = 109 » ( » » 104) 

— R„) = 100 » ( » » 101) 



lated for a circuit ofthotypoa — b of Fig. 4 
Where R„ = 104 42, Rp = 101 4? and Cp = 
8.4 P. The crosses belong to corresponding 
experimental results evaluated by square 
wave analysis. Actual records in Fig.' 5. 
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Table I» The effect on frog skin of NaCl and KC1 on the external 

side. 


Ringer-Gray solution in the inside ( i)-chamber . 


Time 

Treatment 

Bo 

a 

Rod 

Q 

Q 

N c 

e. p. s. 

(o)-(i) 

mV 

0 h 00 m 

Preparation finished . . 

- - 



-- 




01 m 

N/10 NaCl outside . . . 

535 

118 

417 

— 

— 25 

l h 36 m 

— > — ... 

1,700 

123 

2,577 

(30) 

-53 

50“ 

— > — ... 

1,495 

120 ' 

1,375 

— 

-54 

2 h 08“ 

— > — ... 

1,560 

122 

1,348 

43 

-55 

11“ 

N/10 KC1 outside . . 

— 

— 

— 

— 


12“ 

— > — ... 


116 

2,494 

35 

-21 

40 m 

— * — ... 


116 

1,974 

32 

- 21 

3 h 16 m 

— > — ... 

1,870 

111 

1,579 

— 

-29 

33 m 

— > — ... 

1,870 

112 

1,758 

30 

-30 

35“ 

N/10 NaCl outside . . . 

— 

— 

— 

— 


37 m 

— > — ... 

1,215 

119 

1,096 

62 

-72 

42“ 

— > — ... 

1,195 

120 


— 

-76 

4 h 39“ 

— y — ... 


125 

1,365 

65 

-70 

Control 

Filter paper, N/10 NaCl (o) 

101 

90 

11 

— 

+ 4 

> 

» » , N/10 KC1 (o) 

92 

79 

13 

— 

+ 0.3 


Thtf > polarization angle* op was always between 85° — 90V 


biological object. The experimental set up was analogous to the 
one described by Teorell & Wersall. With the square wave 
method now used it was easy to evaluate R 0 and R„ from measure- 
ments directly on the cathode-ray screen as described above (p. 
248). These values are the ones recorded in the table. The' char- 
acteristic frequencies N c were determined from separate film 
records analyzed according to the procedure described in this 
paper. The details of the result of this analysis will, however, be 
published in full in a later publication. Here we will only point 
out that the exchange of a N/10 NaCl solution against N/10 KC1 
caused a marked increase in particular of the parallel resistance 
R p , the N c changed but little (decreased), whereas the high 
frequency resistance R„ remained practically constant. It is 

1 I. c. almost perfect eemicircular loci were obtained for the ijnpcdnncc 
vectors resulting from the square wave analysis (the definition of <fP is evident 
from Fig. 1). 
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Table II. The effect of D. C. stimulation on frog skin. 
Ringer-Qray solution in ( i)-chamber , N/ 10 NaOl in the ( o)-chamber . 


Time 

Treatment 

R o 

Q 

R 

£? 

• ^ 

No 

c. p. s 

(o)-(0 

mV 

0* 00“ 

Preparation finished . . 

_ 

. 



— ■ 


57 m 


905 

139 

666 

83 

-32 

2 h 44“ 

— * - 

694 

169 

526 


-23 

3 h 13“ 

Before stimulation . . . 

707 

155 

552 

86 

-28 

13.5“ 

1 V =, (i)f — (o), 0.6“ . 

348 

156 

192 

5 90 

— 

14“ 

After stimulation . . . 

443 

163 

280 


-7 to 
-28 

15“ 


522 

163 ' 

359 

140 

-38 

20“ 

— > — ... 

562 

156 

442 

120 

-33 

— 

— > — ... 

— 

— 

— 

— 

— 

a 

CO 

-31 

Before stimulation . . . 

777 

159 

618 

62 

-37 

50“ 

IV =,(i) — ►(<>), 0.5 m . 

246 

150 

96 

410 

— 

51“ 

After stimulation . . . 

348 

154 

194 

— 

— 2 to 
-7 

52“ 

— > — ... 

413 

156 

257 

175 

to 

55“ 

— » — ... 

545 

155 

390 

111 

-18 


The »poIarization angle* op was always between 85°— 9CT. 1 


also worth noticing that the “membrane potential” is always 
depressed simultaneously with the ft n increase caused by the 
KC1 addition. 1 

3. The effect of D.C. stimulation on frog shin is another case, 
where the square wave method is especially indispensable, be- 
cause impedance changes here take place very rapidly under and 
after the D;C. shock. As an example, extracted from' a study to 
be published later, we here refer to Table II, which demonstrates 
that the current flow exerts a great influence on the parallel 
resistance (as well as on the membrane potential). In this case 
also great changes in were observed, which were roughly in- 
versely proportional to the R p changes. (Incidentally, this would 
signify, according to the .Cole formula above, that the “skin 
capacitance” remained rather unchanged in spite of the stimula- 

. 1 Related effects of NaCI and IvCl on the frog skin potentials have been 
independently studied by K. H. Meter & Bebithd who also will discuss the 
possiblo implications in a forthcoming issue of the J. Gen.' Physiol, (according to 
a personal communication from Prof. K. H. Meyer, Genive). 
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tion, in analogy with the observations on stimulation of Nitetta 
or Loligo reported by Cole et coll. (1938 and 1940).) Another 
remarkable effect was that the more or less complete annihilation 
of the membrane potential in connection with the electrical 
“shock” was followed by a recovery, which was considerably 
slower after stimulation with an “outwardly” directed current 
than after a current flow in the opposite direction. This was true 
both as regards the parallel resistance R p and the skin potential. 


Concluding Remarks. 

The exact significance of the parameters in the Gildemeister- 
Lullies-Cole method of characterizing cell or tissue impedance 
is far from clear. Hence,. great caution is necessary in all attempts 
to interpret these impedance quantities in terms of cell or tissue 
permeability. Nevertheless it is a fact that these A.C. impedance 
quantities (R p , R M , N c and <p r ) can be employed on biological 
objects as useful measures on alterations, caused by stimulation 
or injury. In this connection one may mention that the use 
of the inverse impedance value, i. e. the “admittance”, often is 
a more rational and convenient concept to employ in biological 
studies. 

It might be questioned, however, whether the “symbolical” 
impedance (or admittance) locus method in many cases could not 
be with advantage replaced by analysis of the relations between 
applied direct current transients and time as suggested by Lul- 
lies. Actually, the square wave response shows both the tran- 
sient and steady state D.C. conditions. Thus it is evident that also 
in such types of “polarization” studies the use of repeating square 
waves is of great value. Such a method and the A.C. impedance 
method are, however, not different, they are only two different 
modes of approach to a common problem, namely the behaviour 
of ions and charged material in living tissues. 


Summary. 

As a whole the present paper deals with a method, based on the 
use of square shaped electrical waves, that permits the registra- 
tion of even very transient electrical impednnce changes in bio- 
logical objects. Directly it is possible to record a) the “transient” 
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and steady state D.C. resistance, b) the “high frequency” A.C. 
resistance, and also, after performing a' procedure of “square 
wave analysis”, c) to evaluate the impedance values for any 
intermediate A.C. frequency. Thus the method allows the con- 
struction of “impedance locus diagrams” (according to Gilde- 
meister-Lullies-Cole) of phenomena of short duration, as, for 
instance, the impedance changes in living objects in connection 
with electrical stimuli shocks. The paper is disposed as follows: 

1. In the introduction of the paper the theoretical relations are 
discussed which exist between the responses on sinusoidal alternat- 
ing currents, square wave alternating currents and “rechteckige 
Stromstosse” (according to Lullies). 

2. A practical procedure of harmonic analysis is then described, 
which enables the transformation of the square wave response 
into impedances to sinusoidal currents. 

3. As examples of possible applications are described: a) the 
response of a “model” circuit, b) the effects of NaOl and KC1 
solutions on frog skin, c) the effects of D.C. stimulation on frog 
skin. 


References. 

Bedford, A. V., and G. L. Fredendall, Proc. I.R.E. 1912. 30. 440. 
Brainerd, J. G. et coll., Ultra-high-frequency techniques: Linear 
circuit analysis. New York 1945. 

Bush, V., Operational circuit analysis. New York. 

Cole, K. S., Cold Spring Harbor Symp. 1933. 1. 107. 

— , Cold Spring Harbor Symp. 1940. S. 110. 

Cole, 3L S., and B. F. Baker, J. gen. physiol. 1940. 24. 535. 
Cole, K. S., and H. J. Curtis, Cold Spring Harbor Symp. 1936. 4. 73. 
— , J. gen. physiol. 1938 — 39. 22. a) 37. b) 649. 

— , J. gen. physiol. 1940. 24. 551. 

■ — , "Medical Physics” edit, by O. Glasser, Chicago 3944, p. 344. 
Duyff, J. W., Low-frequency impedance of animal tissue. Amsterdam 
1942. 

Emery, W. L., Ultra-high-frequency radio engineering. New York 
1944. - 

Fraenckel, A., Theorie der Wechselstrome. Berlin 1930. 
Gildemeister, M., Pfliig. Arch. ges. Physiol. 1919. 76. 84. 

Hauffe, G., Die symbolische Behandlung der Wechselstrome. Samml. 
Goschen. Berlin & Leipzig 1928. 

Hoadley, G. B., and W. A. Lynch, Communications. 1943. 23. June, 
p. 32, July p. 23. 

Lullies, H., Abderhaldens Handb. d. biol. Arb.-meth. V, 5 A, 1171. 
Manley, R. G., Waveform analysis. London 1945. 



254 


TORSTEN TEOREIiIi. 


v. Mur alt, A., Ergebn. Physiol. 1935. 37 . 489. 

Murdoch, C. C., and E. E. Zimmerman, Physics. 1936. 7 . 211. 
Rothe,.R., Elektiotechn. Z. 1920. 41 . 1000. 

Schonholzer, E., Kurze Repetition der elementaren und hoheren 
Mathematik und Wechselstromtechnik. Zurich 1945. 

Smith, Carl E., Applied mathematics for radio and communication 
engineers. New York & London 1945. 

Swift, G., Communications, 1939, Eebr. 19 . 22. 

Teorell, T., and R. WersIll, Acta Physiol. Scand., 1945; 10 . 243. 
Walker, E. A., Electronics. 1939. Nov. 12 . 39. 



From the Physiological Department, Knrolinskn Instituted Stockholm. 


Pain Conduction in tlie Phrenic Nerve. 

By 

B. GERNANDT. 

Received 4 Angnst 1946. 


That stimulation of the central part of the diaphragm in man 
elicits pain referred to the shoulder region is a long known 
phenomenon which has been described among others by Lusciika 
(1863), Felix (1922), Morley (1931), Woolhard, Roberts and 
Carmichael (1932) and Hinsey and Phillips (1940). 

In animal experiments Pollock and Davis (1935) explained 
this pain as being produced by viscero-cutaneous reflexes which 
elicited vasomotor and chemical processes in the shoulder region. 
The impulses were considered to be conducted by sympathetic 
fibres which in their turn excited somatic receptors of the shoulder 
region thus eliciting the referred pain. Hinsey and Phillips in 
their animal experiments found, however, that the nociceptive 
reaction elicited by faradic stimulation of the diaphragm was 
entirely dependent upon the impulse traffic in the afferent somatic 
fibres of the phrenic nerve and that these reactions were not 
elicited by impulses conducted in afferent fibres of the vagus, 
the intercostal nerves or by impulses in any sympathetic efferent 
fibres. 

Green (1935) showed that stimulation of the central end of the 
severed phrenic nerve produced a dilatation of the coronary 
vessels. Thornton (1937) found that at least one afferent pathway 
of the broncho-dilatory reflex mechanism is situated in the phrenic 
nerve, the efferent path running in the vagus. Further, Little 
and McSwiney (1938) found that the phrenic nerve contains an 
afferent pathway for the pain impulses elicited by stimulating 
the diaphragm. In experiments upon the cat they used the 
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pupillo-dilatory reflex as an index of the existence of afferent 
impulses. The afferent pathways reached the spinal cord via the 
dorsal roots of the fifth and sixth cervical segments. 

In a histological investigation by Hinsey, Hare and Phillips 
(1939) these authors could show by degeneration experiments on 
the somato-motor and sympathetic fibres of the cat’s phrenic 
nerve that this nerve contains myelinated afferent fibres of various 
sizes as well as unmyelinated afferent fibres. The afferent fibres 
amounted to about ten per cent of the total number of the mye- 
linated fibres of this nerve, a ratio which is low in comparison 
to the motor branches of the femoral nerve, where thirty to forty 
per cent of the myelinated fibres are afferent. 

The purpose of the present investigation was to record the 
afferent impulses elicited by noxious stimulation of the dia- 
phragm. These experiments form part of a general survey in 
progress here upon the impulse traffic in afferent fibres, and 
yield somewhat more detailed information concerning the afferent 
fibres involved in “phrenic pain”. 


'Methods. 

Cats have mainly been used but one experiment was done upon a 
dog. The animals were anaesthesized by 0.05 to O .07 g chloralose per 
kg body-weight, which was injected intravenously in a 1 per cent solu- 
tion. 

The phrenic nerve was exposed in the neck and was dissected free in 
the caudal direction. The nerve was then severed as centrally as possible. 
At the moment of severance the animal always reacted with a violent 
twitch. In order to obtain as high a signal-to-noise ratio as possible, 
the sheath was generally pulled off the nerve. The nerve was frequently 
irrigated with body-warm Ringer solution in order to avoid drying. 

The abdominal cavity was then opened in the midline in the region 
of the xiphoid process in the caudal direction so that it was easy to 
reach the abdominal surface of the diaphragm. 

The recording of the action potentials was made by means of a 
capacity-resistance coupled amplifier and a double ray cathode oscillo- 
graph previously described by Zottermax (1936). The potentials were 
lead off by means of AgCl-electrodes of the conventional type. 

Results. 

The afferent inflow in the phrenic nerve: With the leads at the 
central end of the phrenic nerve .there occurred at each inspira- 
tion a massive volley of rapidly conducted impulses, whilst other- 
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Fig. 1. Cat, cMotbIohc. Action potentials from the peripheral end of the phrenic 
nerve. A. Control. The electro-nenrogram is taken during expiration. B. Brushing 
tho abdominal surface of the diaphragm with 0.5 N acetic acid. C. Pinching of the 
diaphragm. Note tho occurrence of tho small, slowly conducted ^-potentials. 

wise there was only very slight activity. These rapid impulses are 
obviously produced by fairly large myelinated fibres belonging 
to the a- and /7-group of the class A fibres. 

Pinching the diaphragm with forceps or brushing its abdominal 
surface with 0.5 N acetic acid led to twitches, tail movements, 
pupillar dilatation and a moderate rise of the arterial blood pres- 
sure. Simultaneous recording of the action potentials from the 
phrenic nerve of the cat revealed an appearance of slowly con- 
ducted small spike potentials (fig. 1), which seem to derive from 
fairly thin fibres of tho 6- group, the system of the fastest pain 
fibres. The effects of very strictly localized pinching in the 
right or left central part of the diaphragm showed that the 
regions of innervation of the two phrenic nerves in any case 
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Fig. 2. Dog. chloralose. Action potentials from the peripheral end of the right 
phrenic nerve. A. Control. The clcctro-ncurogram is taken during expiration. 
jB. After infiltration of the central and right part of the diaphragm with 0.75 ce 
of a 0 per cent NnCl solution. Note the waves built up by very slowly conducted 

C-potcntials. 

were ratlier well separated from each other. It looked as though 
there was not very much of overlapping of the pain fibres. 

In the experiment on the dog the diaphragm was infiltrated by 
0.75 ml of a 6 per cent NaCl solution. This produced waves of very 
slow impulses (fig. 2). These waves should probably be looked 
upon as produced by the summation of a number of single C-spikes. 
As the ratio between non-myelinated and myelinated fibres in 
the cat’s phrenic nerve is rather high compared with the motor 
branches of its femoral nerve, noxious stimuli of the central part 
of the diaphragm were also expected to produce C-potentials but 
such potentials were never observed in the experiments on the 
cat. 

The findings thus support the opinion (Zotterman 1936, 1939) 
that nociceptive reactions are not elicited by the more Tapidlv 
conducted fibres of the a- and /?-groups but that the fibres which 
transmit pain are to be found among 5- and C-fibres (Zotterman 
1933, Clark, Hughes and Gasser 1935, Lewis and Pociiin 
1938, Gernandt and Zotterman 194C). 

Light touch or a faint puff of air over the diaphragm which 
latter does not produce any deformation of the surface does not 
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elicit any impulses. Nor were there any impulses from the applica- 
tion of cold (-f 4°G) or moderate heat (4-40° C). Stronger heat 
(-f 45° C), however, produced in the cat a volley of 6-potentials. 

Rauber has described the presence of Pacinian corpuscles in 
man along the endings of the- phrenic nerve in the pericardium 
and pleura. Such formations could not be found in the cat or the 
dog by macroscopic examination. Along the mesenteric nerves 
of the cat there is an abundance of these corpuscles which are 
easily observed by the naked eye. These corpuscles were found by 
Gernandt and Zotterman (1946) to be very sensitive to the 
slightest mechanical stimulus. Thus the slightest puff over the 
mesentery elicited a massive volley of large spikes. In case there 
really existed any Pacinian corpuscles in the pericardium of the 
cat with their nerve fibres running in the phrenic nerve one should 
thus expect a volley of large spike potentials at each heart beat. 
This, however, was not the case. Other mechanical stimuli such 
as puffing or gentle brushing applied to the pericardium or to the 
pleura did not produce any large spikes from the phrenic nerve. 


Summary. 

The application of noxious stimuli to the diaphragm (pinching, 
heat above 40° C, hypertonic NaCl-solutions and acetic acid) 
produces in the phrenic nerve of the cat 5-potentials whilst in 
the dog both 6- and C-potentials appear. 

Each inspiration produces a volley of rapidly conducted im- 
pulses in the phrenic nerve. These impulses are obviously produced 
by a- and /?-fibres. Large spikes are not produced by a noxious 
stimulus such as acetic acid applied on the abdominal surface 
of the diaphragm. It is thus concluded that pain is transmitted 
in the phrenic nerve of the animals investigated by 5- and C- 
fibres only. 

Pacinian corpuscles have not been observed in the pericardium 
or in the pleura of the cat or the dog. The action potential re- 
cords from the peripheral end of the phrenic nerve have not 
revealed the appearance of any spikes which could be regarded 
as arising from such corpuscles. 

This investigation has been aided by a grant from the Therese 
and Johan Andersson Memorial Eoundation. 

18 — 462524. Acta phys. Scandinav. Vol. 12. 
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The Effect of Excitation on Nerve Permeability. 
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H. v. EULER, U. S. r. EULER and G. HEVESY. 
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The effect of muscular exercise on the permeability of musoular 
tissue to phosphates (Bollman and Flock 1943, Hevesy and 
Rebbe 194G) and potassium (Hahn and Hevesy 1941, Noonan, 
Fenn and Haege 1941) has previously been investigated by 
using ”P and 4, K as indicators. Phosphate-permeability was found 
to be influenced only to a minor extent by muscular exercise, 
while the amount of potassium was found to be increased 3 to 4 
times as the result of intense muscular work. 

The present communication gives tho results of experiments in 
which the effect of excitation on the permeability of tlie sciatic 
nerve for phosphate, sodium, potassium and bromide was in- 
vestigated. 

Radioactive isotopfcs were used as indicators. 1 


Experimental Procedure. 

Cats weighing about 2 kg were used. Chloralose, 5 — G ml of an 1 
per cent solution per kg, was injected into a brachial vein under ether 
anaestesia, except in the first case (Table I), where it was injected into 
the femoral vein on the stimulated side. Tho sciatic nerves were exposed 
near the spinal cord on each side and crushed with a forceps. Stimula- 
tion was effected by means of a thyratron stimulator giving condensor 
shocks at a rate of about 50 per sec. and at a strength producing about 
maximal motor reactions. In one experiment (sodium No 5) the animal 
was curarised before stimulation in order to avoid muscular movements. 

1 Onr thanks arc dne to Prof. Niels Bohr and to Prof. M. Siegbahn for the 
radio-active preparations kindly pnt at onr disposal. 



262 


H. v. EULER, U. S. V. EULER AND G. I1EVE3Y. 


The radioactive salts, dissolved in a few ml of distilled water, was 
injected intravenously through the cannula used for the anaesthetic. 
In the majority of cases the stimulation was carried on for 5 minutes 
and the active preparation injected at the end of the second minute 
of stimulation. Immediately after the stimulation a sample of heparinized 
blood was taken by heart puncture and centrifugated, the plasma being 
used for determination of the activity. The animal was killed by bleed- 
ing and the hind legs washed free of blood by perfusion with Ringer's 
solution through a cannula in the lower part of the aorta. "When the 
outflowing blood was macroscopically free from blood corpuscles the 
sciatic nerves on both sides were carefully dissected out and worked up. 

Results. 

Phosphate Permeability. 

In Table 1 are given the weights of the fresh and dry nerve, 
the percentage of dry substance, the total phosphorus content of 
the nerve, the phosphorus content per g fresh weight, the ratio 
of the activity per g. dry stimulated atid non-stimulated sciatic 
nerve, the ratio of the activities of 1 /yg phosphorus extracted from 
the stimulated and non-stimulated nerve and finally the per- 
centage activity of 1 yg total nerve phosphorus relative to that 
of 1 /tg inorganic phosphorus. 

Table 1. 


Weigh! of ca' 2.4 kg. Left nerve stimulated for G min. At the end of the 
first minute O.ts millicuric 32 P injected intravenously. Inorganic plasma 

P — G.io mg p. c. 



It will be seen from the figures in Tables 1 to 4 that the irritated 
nerve in each case took up more 3S P than the non-irritated nerve, 
the ratio varying between 1.18 and 2.40. For the ratio of the 

a: P 

cjuotients for the irritated and non-irritated nerves figures 
varying between 1.10 and 1.08 were obtained. 
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Tnble 2. 

Weight of cal 2.95 leg. Left nerve stimulated for 5 min. At the. end of the 
second minute 0.3 millicurie Si P injected intravenously. Inorganic -plasma 

P = 4.42 mg p. c. 
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Tnble 4. 


Weight of cal 1.8 kg. Left nerve stimulated for 5 min. At the end of the 
second minute O.i millicurie 32 P injected intravenously. During the last 
minute intermittent stimulation (2.5 sec. irritation and 2.5 sec. rest). 
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If we wish to know the percentage of P present in the nerve 
tissue (cf. above) that was taken up in the course of the experi- 
ment, we must compare the specific activity of the nerve P with 
the average value for the inorganic P of the plasma. This magni- 
tude does not necessarily correspond to the amount that has 
penetrated from the plasma into the tissue during the experi- 
ment, as it is conceivable that a part of the P migrating from the 
plasma into the tissue cells has found its way back again. Con- 
sidering* that the amount of plasma P located in the nerve tissue 
constitutes only a small percentage of the total P content of the 
tissue and in view of the rapid participation of intruded phosphate 
in phosphorylation processes, we may suppose the amount of 
labelled P (plasma P) located in the nerve tissue to be practically 
identical with that penetrating from the plasma into the nerve 
tissue during the experiment. Assuming that the specific activity 
of the plasma inorganic P of the cat declines after intravenous 
injection at the same rate as in a rabbit of the same weight, the 
average specific activity of the inorganic P in the plasma works out 
in a 3-minute experiment to be about 3 times that of the experi- 
mentally determined amount. For the amount of P penetrating 
during 3 minutes into the resting nerve tissue (cf. Tables 3 and 4) 

0.08 0.09 

we hence obtain the values — — and ~ as percentage activity 

of nerve P to plasma P. In the experiment recorded in Table 1 

0.22 

the approximate value — — is obtained. As discussed above the 

average specific, activity of the plasma P is higher than its end 
value which was determined experimentally. To account for this 
decrease we have in the experiment taking 5 minutes to divide 
the percentage activity of nerve P to plasma P with the figure 
G which should give an approximately correct value. 

The amount of plasma P passing into 1 g fresh resting nerve 
tissue in the course of 1 minute proves on the average to be 0.01 
per cent of the total P of the nerve tissue, thus about 0.4 pg. 

The amount of phosphorus penetrating in 1 minute into the 
nerve tissue is smaller than the corresponding amount penetrat- 
ing into the muscle cells. Kalckar and his associates (1944) 
estimate that, in the course of 1 minute, 1 pg phosphorus pene- 
trates into the cells of 1 g fresh muscle tissue of the rat. A simular 
figure is reported by Hevesy and H. v. Euler (1942). 
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Sodium Permeability. 

In these experiments labelled sodium with an activity of about 
0.5 millicurie was injected into the circulation. The cat was killed 
5 minutes after the injection. In each experiment, as seen in Table 
5, the irritated nerve was found to take up more !1 Na than the 
resting nerve. 

Table 5. 

Uptake of 2t Na by sciatic nerve. 


Weight of cat in kg 

Ratio of uptakes 
by irritated and 
resting nerves 

Activity of 1 mg dry nerve 
as percentage of activity of 

1 mg dry plasma 

irritated 

resting 

I. . . 

. . . a. 

1.40 

0.77 

0.55 

11. . . 

. . . 1.85 

1.66 ‘ 

1.38 

0.81 

m. . . - 

. . . 1.9 

1.06 

2.67 

2.48, 

IV. . . 

... 2.2 

1.98 

4.80 

2.42 

v. . . 

. . . 1.85 

1.82 

1.79 

1.8G 


Assuming 1 mg dry plasma to contain 40 fig sodium and the 
mean activity of sodium during the 5-minute experiment to 
amount to 3 times that of the activity measured at the end of the 
experiment, 1 mg dry resting nerve takes up on an average 
0.2 fig sodium per minute. In view of the very rapid change in 
the 21 Na content of plasma which follows intravenous injection, 
this figure represents only a rough estimate of the amount of 
sodium taken up by the nerve. 

Potassium Permeability. 

In these experiments labelled potassium chloride having a 
specific activity of 0.3 millicurie was injected. The injection took 
1 minute, the cat was killed' 2 minutes later. The results obtained 
are seen in Table 6. 


Table C. 

Uptake of lt K by sciatic nerve. 


Weight of cat in kg 

Ratio of uptakes 
by irritated and 
resting nerves 

Activity of 1 mg dry nerve 
as percentage of activity of 

1 mg dry plasma 


irritated 

resting 

1 3.0 

2.29 

6.62 

2.88 

II 1.9 

1.61 

8.60 

5.83 
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By a similar consideration as put forward in the case of sodium 
we arrive to the conclusion that in the course of 1 min. about 
0.02 fig potassium penetrates in 1 mg dry nerve tissue or 6 fig 
in 1 g fresh tissue. 

It is of interest to compare this figure with the data recently 
obtained by Hodgkin and Huxley (1940) when determinising 
the number of moles of potassium which leak through 1 sq.cm 
of membrane of the axons from Carcinus maenas in one impulse 
(1.7 • 10~ 12 ) and the amount of potassium reabsorbed during the 
period of recovery. "When the external potassium concentration 
is increased threefold, 3.10“'° y mol cm -2 sec"” 1 or 0.7 fig potas- 
sium per minute were found to be reabsorbed. 


Bromine Permeability. 

In these experiments 30 mg bromine as sodium bromide, with 
an activity of 0.2 millicurie was injected. 

Tablo 7. 

Ufilalcc of M Br by scialic nerve. 


Weight of cat in kg 

Ratio of uptakes 
by irritated and 
resting nerves 

Activity of 1 mg dry nerve 
ns percentage of activity of 

1 mg dry plasma 


irritated 

resting 

1 1.98 

1.34 

3.4 

2.9 

II 2.2 

1.72 

4.0 

2.3 


Assuming, as in the case of 21 Na, that the average plasma 
activity during the experiment amounts to about 1/3 of the 
determined end activity, 1 mg dry resting nerve took up 0.01 fig 
bromine. Similar amounts of radiobromine were found to be taken 
up by the basal ganglia, cerebreal cortex and the medulla oblon- 
gata of the cat. 

In no single case did the stimulated nerve fail to show an en- 
hanced uptake of the ion investigated. When we compute the 
mean of all determinations (13 cases) of the ratio of uptake of 
various ions by the stimulated and the resting nerves, the value 
1.55 0.10 is obtained. The uptake by the stimulated nerve was 

also found to be enhanced when the cat was curarized before 
stimulation in order to avoid muscular movement. 
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Summary. 

The effect of stimulation on the amounts of phosphate, sodium, 
potassium and bromide taken up by the sciatic nerve of the cat 
was investigated with the aid of radioactive isotopes as indicators. 
Stimulation was effected by condensor shocks at a rate of 50 
per sec. giving maximal motor reactions. 

In each case investigated, including the curarized animal, the 
stimulated nerve was found to take up more labelled ions than the 
resting nerve, the mean ratio of the uptakes being 1.55 + 0.10. 
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It is a well-known fact that respiration during muscular work 
is, on the whole, adapted to the increased oxygen consumption; 
our knowledge of the mechanism, responsible for this adapta- 
tion is, however, still very incomplete. During light work, an in- 
creased alveolar carbon dioxide tension is sometimes found, but 
this is by no means a regular occurrence, and during heavy work 
the alveolar carbon dioxide tension is often decreased. It is there- 
fore certain that the carbon dioxide tension of the blood alone cannot 
be the regulating factor. Nor can the hydrogen ion concentra- 
tion of the arterial blood per se be decisive as was once supposed. 
Though several investigators have demonstrated an increased 
cH of the blood during light work, during heavy work an altera- 
tion in the reverse direction has also often been found. To explain 
the conflicting observations two different hypotheses have been 
advanced. According to one, first proposed by Winterstein (1921) 
and particularly upheld by Gesell and his school, the deciding 
factor is the cH of the respiratory centre itself which is not ne- 
cessarily determined by the cH of the arterial blood, and some- 
times even may vary in the opposite direction. The other view 
expounded by Danish investigators (Lind hard 1911, 1933, Niel- 
sen 1936) maintains that the excitability of the respiratory centre 
is variable. Direct experiments by Nielsen have shown that a 
certain increase in alveolar carbon dioxide tension during muscu- 
lar work causes a greater increase of ventilation than during rest, 
and that this effect is to some extent related to the amount of 
work performed. Nielsen considers this as due to an increased 
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excitability of tbe respiratory centre during work. It must be 
remembered, however, that during muscular work considerable 
alterations with regard to the distribution of ions between the 
cells and the blood may occur, so that the carbon dioxide tension 
of the arterial blood need not exactly reflect conditions within 
the cells of the respiratory centre. There is also the possibility 
of varying influences from the chemoreceptors, which have not 
been considered by Nielsen. 

In order to explain the increased response of the respiratory 
centre during muscular work at a given alveolar carbon dioxide 
tension, it has been assumed that during muscular work products 
appear which have a direct or indirect effect on the centre, or 
that the centre might be influenced by centrifugal cortical im- 
pulses simultaneously with the impulses to the muscles, or by 
afferent impulses from the acting muscles themselves. In man, 
Asmussen, Christensen and Nielsen (1943) performed com- 
parative experiments on oxygen consumption and ventilation 
during light and moderate work on the bicycle ergometer, under 
normal conditions and after the circulation in the legB had been 
occluded by inflation of rubber air cushions encircling the legs, 
under a pressure of 250 — 300 mm Hg. When the circulation had 
been cut off, oxygen consumption during work was about 20 — 50 
percent lower than during free circulation, but total ventilation 
rose to practically the same levels in the two series. The authors 
conclude that the increased response of respiration to the stimula- 
tion by carbon dioxide during muscular work cannot be due to 
substances set free in the active muscles, but must be of nervous 
origin. Asmussen, Nielsen and Wieth-Pedersen (1943) have 
then made a comparison between the results during voluntary 
work and work induced by electrical stimulation by an apparatus 
simulating the normal nerve impulses. In a healthy subject, 
ventilation increased similarly in both series, in proportion to 
the oxygen consumption. Prom this, it was concluded that the 
increased excitability of the respiratory centre for carbon dioxide 
cannot be due' to irradiation of central impulses but must be of 
reflex nature. In support of this view are the observations of 
Harrison, Calhoun and Harrison (1932) in dogs, the hind-legs 
of which were connected to the body by only the sciatic nerves 
and the blocked vessels. Passive movements of the hind-legs still 
led to a small increase in ventilation. In a patient suffering from 
tabes dorsalis and with all the usual kinesthetic nervous impulses 
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abolished Asmussen, Nielsen and Wieth-Pedersen observed 
the normal increase of ventilation during voluntary as well as 
electrically induced work. The authors therefore believe that the 
reflexes which control ventilation during muscular work must 
employ other sensory paths than the posterior columns in the 
spinal cord. 

Comroe and Schmidt (1943), in man, also found an increased 
ventilation when the work was performed with one arm, the cir- 
culation of which was cut off. The rise in ventilation (28 percent 
of the resting value) was on an average twice as great as when 
the circulation was free. The probable reason for this difference 
is, according to Comroe and Schmidt, the sensation of pain. This 
view was strengthened by the fact that respiration became normal 
again when the work was stopped and the pain subsided, in spite 
of the blood flow still being cut off. Since Henderson’s (1910) 
and Meyer’s (1914) papers, the stimulating effect on respiration 
from sensory stimulation, especially pain, is well known. Whether 
this factor can have been of decisive influence in the experiments 
by Asmussen, Christensen and Nielsen quoted above, must 
be taken into consideration. These authors point out that psychical 
influence and ischemic pain increase as the experiment goes on, 
but maintain that this factor may be almost eliminated after some 
training. No definite proof has been given that such is the case, 
however, and it will probably be difficult to produce it. The con- 
clusion drawn form the experiments is therefore open to doubt. 

Comroe and Schmidt also stimulated electrically the peripheral 
end of the cut anterior nerve roots in anesthetized animals. In cats, 
an increase in ventilation was obtained which became considerably 
smaller, or even vanished completely, when the blood flow to the 
hind legs was cut off. Section of the lower part of the spinal cord 
had no influence on the effect of the electrical stimulation on res- 
piration. This was therefore considered to be due to a central 
effect from substances formed during muscular contractions. In 
dogs electrical stimulation of anterior roots led in most cases to 
an increase in ventilation, varying between 8 and 200 percent 
(on an average 62 percent) and especially was respiration rate 
influenced, sometimes displaying a great increase, whereas the 
depth of the respirations was unaffected or sligthly increased or 
decreased. This effect did not disappear after the blood flow to 
the hind legs had been cut off, but it vanished completely after 
section of the spinal cord. According to Comroe and Schmidt 
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the increased ventilation with this kind of work in the dog is due 
to afferent impulses from the legs, thus a different mechanism 
from that found in cats. It seems doubtful, however, whether the 
hyperpnea thus obtained in the dog can be considered as a typical 
work hyperpnea. The extraordinarily strong effect on respiratory 
rate without a corresponding increase of depth, as seen e. g. in 
Comroe and Schmidt’s fig. 2, contradicts their interpretation. 
In the dog, respiration also plays an important role in heat regula- 
tion, and the heat polypnea is characterized by high respiration 
rate without increased depth. We have sometimes observed in 
the dog the sudden appearance of this kind of polypnea without 
being able to find any direct explanation, and, unless the polypnea 
subsided in such animals, we habe been unable to continue experi- 
ments on the regulation of respiration during muscular work. We 
are therefore unable to accept the results obtained by Comroe 
and Schmidt after stimulation of the anterior roots in the dog, 
as proof of work hyperpnea. Unfortunately, the gas exchange 
has not been determined in their experiments, which makes the 
evaluation still more difficult. This comment also applies to their 
experiments with passive movements in the dog, where a reflex 
increase of respiration also was observed. But passive movements 
were also found to stimulate respiration in cats and in man, and 
here both rate and depth of the respiration were increased, so 
that the respiration had the same character as work hyperpnea. 
But still, the effect in the cat remained after occlusion of the 
femoral arteries and veins, whereas it disappeared after section of 
the nerves, or injection of procaine in the knee joints. In man, 
the passive movements consisted in moving the leg to and fro 
for about two feet at about 100 times a minute by the aid of a 
motor. Ventilation increased by 40 — 50 percent. The effect could 
be abolished by spinal anesthesia, consequently it must have been 
of a reflex nature. It cannot be excluded that sensory impulses 
have to some extent acted like pain, nor that the passive move- 
ments reflexly have given rise to increased tension and contrac- 
tions of different muscles with raised oxygen consumption as a 
consequence. The increase in ventilation might therefore be due 
not only to a direct stimulating effect on the respiratory centre, 
but also to the altered metabolism. The oxygen consumption 
was unfortunately not determined, but it might be mentioned 
here that; Liljestrand and Stenstrom (1922), during passive 
movements of the legs in two subjects, obtained an increase in 



272 


U. S . v. EULER AND G. LILJESTRAND. 


the oxygen consumption by 45 and 32 percent respectively, the 
ventilation at the same time rising by 51 and 104 percent. The 
last value was undoubtedly in part due to the strong sensory 
stimulation. 

It is pointed out by Comroe and Schmidt themselves that the 
reflexes studied from the working limbs probably play a certain 
role-.in producing the work hyperpnea, but that it is impossible 
that they alone can be responsible for it. The effect of the reflexes 
concerned is probably very moderate, and it will be necessary to 
consider other possibilities in order to explain work hyperpnea. 

Under these circumstances, it seems natural to ask whether the 
carotid glomus and the aortic glomus might have something to do 
with the work hyperpnea. It has been definitely established that 
the carotid glomus, even with an oxygen saturation of the hemo- 
globin of 95 percent (thus at a value that is normally found not 
only in anesthetized animals but also in normal man), may react 
to impulses in the sinus nerve that will stimulate respiration 
(Euler, Liljestrand and Zotterman 1939). In the case of the 
aortic glomus, the situation seems to be analogous (Gernandt 
1946). Even a small decrease of the oxygen tension of the arterial 
blood during muscular work would cause a considerable increase 
in these impulses and might thereby give rise to a higher activity 
of the respiratory centre. 

Our knowledge of the oxygen tension of the arterial blood is at 
present very unsatisfactory, owing to technical difficulties, but 
it seems very probable that the greater oxygen consumption 
during muscular work will lead to a lowering of the oxygen ten- 
sion, more pronounced as the amount of work per minute increases. 
Nielsen’s observation that, during heavy muscular work, inhala- 
tion of 45 percent oxygen gives a considerable decrease in ven- 
tilation, conforms with this suggestion. 

The only investigation about the importance of the sinus region 
for respiration during muscular work is published by Cromer 
and Ivy (1931), who induced a dog to run, before and after de- 
nervation of the sinus. The respiration rate before the denerva- 
tion was 18.5 during rest, 65.5 immediately after work and, 15 
minutes later 59. After denervation the corresponding numbers 
were 17 before, 59 immediately after and 31, 15 minutes after 
work. The experiments show that a considerable increase of 
respiration during work is possible after the sinuses are abolished. 
The corresponding aortic zones being intact, it is difficult to draw 
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definite conclusions from these experiments about the role of the 
chemoreceptors during muscular work, especially with regard to 
the fact that the aortic reflexes in the dog, much more than in the 
cat, are relatively important in comparison with those of the 
sinus region. 

Authors’ Experiments. 

The experiments were mainly performed on cats anesthetized 
with chloralose (0.05 — 0.06 g per kg intravenously). In a first 
series of experiments, the ventilation was recorded from a body 
plethysmograph (Euler and Liljestrand 1936). The animal 
was placed on its belly and the spinal cord severed at the 12. 
dorsal vertebra; electrodes of copper wires were introduced around 
the caudal region of the cord and fixed there. Stimulations were 
effected by condenser discharges of a strength that was chosen 
for each animal, and kept constant throughout the experiment. 
Ventilation was measured after the electrical stimulation had been 
applied for two minutes. The experiments were repeated under 
as identical conditions as possible, after denervation of both 
sinuses, With the aid of a mixture of 7 % oxygen in nitrogen, 
the complete elimination of the chemical fibres of the sinus 
regions was obtained: after denervation, only a small and transient 
increase of ventilation with that gas mixture was permitted (due 
to stimulation of the aortic bodies). Table 1 gives the results 
of this series. 

Table 1. 


Best and Work Experiments in Cats before and after Denervation 

of the Sinus Begions. 


Weight 

of 

animal 

kg 

Experi- 

mental 

condi- 

tions 

Before denervation 

1 After denervation 

1 ____ _ 

Blood 

press. 

mm 

Hg 

Besp. 

rate 

per 

min. 

Ventil. 
1. per 
min. 

Rel. in- 
crease in 
ventil. 

Blood 

press. 

mm 

Hg 

Besp. 

rate 

per 

min. 

Ventil. 
1. per 
min. 

Rel. in- 
crease in 
ventil. 

3.1 ... . 

Rest 

98 

13.3 

0.396 


82 

12.0 

0.269 



Work 

102 

14.4 

0.682 

72 % 

76 

12.8 

0.407 

51 % 

4.1 

Rest 


16.0 

0.537 



12.4 

0.466 



Work 


12.2 

1.147 

113 % 


14.1 

0.820 

76 % 


Rest 






14.3 

0.561 



Work 






15.7 

0.938 

67 % 

3.0 ... . 

Rest 


10.7 

0.394 



10.6 

0.384 


* 

Work 


16.6 

1.278 

224 % 


14.0 

0.975 

155 % 
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The table shows that electrical stimulation of the spinal cord 
has caused in all cases an increase in ventilation which is not 
very great and corresponds to moderate muscular work. The 
spinal cord being cut, sensory afferent impulses from the legs 
cannot play any role, and the only possible explanation seems to 
be that some stimulus has been acting from the circulating blood 
on the respiratory centre, directly or reflexly. A comparison be- 
tween the values before and after sinus denervation demonstrates 
a considerable difference, the increase in ventilation being much 
smaller after this operation. 

At the onset of electrical stimulation of the spinal cord, it was 
observed that the mean position of the lungs was altered by about 
15 ml towards the inspirator}’' side. Similar observations on cats 
and dogs have been made by Harris (1945) during oxygen-want, 
starting with 14 % oxygen in the inspired air, as well as by 
Green and Swanson (1938) in man. In our experiments the effect 
was still found after sinus denervation. 

Experiments were also performed in such a way that electrical 
stimulation of the hind legs was obtained by an apparatus (“Inner- 
vator”)) corresponding to the one used by Asmussen, Nielsen 
and Wieth-Pedersen and constructed for the treatment of 
paralysed patients. The different electrode was placed on the 
moistened skin of the back after the hair had been cut, and the 
indifferent one on the lower part of the abdomen. We used so- 
called modulated stimulation, consisting of alternating impulses of 
rhythmically increasing and decreasing strength. The gas exchange 
of the animals was determined with the aid of small Douglas bags. 
An abbreviated protocol of an experiment is given below. 

Cat, 3.5 kg, was anesthetized by 20 ml 1 % solution of chloral- 
ose intravenously Tracheal cannula and Muller valves. Electrical 
stimulation with Inner vator. 


Experi- 

mental 

condit. 

Ventilation 

1. per min. 
(37°, moist) 

Respiration 
rate per min. 

Oxygen con- 
sumption ml 
per min., red. 

Ventilntion ml 
per ml oxygen 
consumption 

Work 

0.7G3 

18.0 

24.0 

31.7 

Rest 

0.458 

14.5 

1G.3 

31.2 

Work 


— 

34.9 

29.2 



Both vagi cut 


Rest 

0.4G4 

12.0 

15.2 

30.5 

Work 

0.771 

12.2 

30.5 

22.7 



Both sinuses denervated 


Rest 

0.378 

12.0 

12.3 

30.8 

Work 

0.583 

13.5 

24.1 

24.1 • 
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The decrease in the value for ventilation per ml oxygen -con- 
sumed during work indicates that respiration after vagotomy and 
sinus denervation is considerably less increased than in the intact 
animal. The effect was observed even after vagotomy alone, 
and it therefore seemed desirable to repeat the experiment, but 
to d enervate the sinuses before the vagotomy. The following 
protocol gives the result.. 

Cat, 3.7 kg, was anesthetized by 21 ml 1 % chloralose solu- 
tion intravenously. Arrangements as in preceeding experiment. 


Experi- 

mental 

condit. 

Ventilation 

1. per min. 
(37°, moist) 

Respiration 
rate per min. 

Oxygen con- 
sumption ml 
per min., red. 

Ventilation ml 
per ml oxygen 
consumption 

Rest 

0.109 


14.8 

27.7 

Work 

0.8GI 

17 

32.C 

26.4 

Rest 

0.391 

14.1 

13.2 

29.8 

Work 

0.705 

15.5 

30.0 

23.5 



Both sinuses denervated 


Rest 

0.305 

10.4 

12.5 

22'.5 

Work 

0.009 

10.7 

29.3 

20.8 

Rost 

0.357 

10.0 

14.3 

24.9 

Work 

0.591 

10.7 

30.3 

19.5 



Both vagi cut 


Rest 

0.303 

7.7 

12.C 

22.3 

Work 

0.558 

10.4 

28.0 

17.9 

Work 

0.T51 

io.o 

33.8 

22.2 


In this case, also, muscular work gives a smaller increase in 
ventilation after sinus denervation than before. The difference 
may, to some extent, be explained by the lowering of the respira- 
tory frequency, the dead space being of less importance for the 
total ventilation at low rates. But this factor can hardly have a 
deciding influence. Each respiration during rest is about 30 ml. 
If we reckon 1/3 of this value as the volume of the dead space, 
this is probably too higl\. From this it can be calculated, however, 
that the ventilation values after sinus denervation ought to be 
increased by 50 ml in order to correspond to the. values before the 
operation, the alveolar ventilation in both cases being considered. 
\ entilation per ml oyxgcn consumed after denervation would 
thus become increased to 22. f> and 21.1, i. e. they would still be 
lower than before denervation. 

Since the two last mentioned experiments were performed with 
the spinal cord intact, it was desirable to see whether section of the 
cord had any effect on the increase in ventilation caused by the 
electrical stimulation. We found that ventilation rose in the same 

I® — 462524. jtefa pltj/s. f-canrfinou. Vof. 12 . 
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way, whether the cord was cut at LI — L2 or not. The result 
conforms with the observation made by Asmussen, Nielsen and 
Wieth-Pedersen on their patient with tabes dorsalis; there is 
this important difference, however, that in the animal experi- 
ments all paths in the cord were eliminated. Nor could a diminu- 
tion of the increase in ventilation during work be observed after 
bilateral extirpation of the sympathetic chains. The experiments 
therefore give clear evidence, that the increase in ventilation is 
not, to any considerable extent, due to impulses travelling from 
the working muscles through afferent paths. If such impulses 
are of any importance at all in this connection, it must be very 
small. Since a great increase in ventilation after muscular work 
was obtained, even when all influences through the vagi and the 
sinus nerves were eliminated, it can hardly be doubted that the 
effect is due mainly to a direct influence on the respiratory centre. 
The observation that muscular work produces a smaller increase 
in ventilation after denervation gives some support to the as- 
sumption that an “increased excitability” may be brought about 
by the carotid and aortic bodies. The influence is not great, but 
it must be remembered that this is not to be expected during 
moderate work. Stimulation by oxygen-want can then probably 
not be great, neither is a considerable increase of the impulses in 
the sinus or depressor nerves, evoked by CO. tension or cH prob- 
able. As far as experience has shown, we need not reckon with any 
great reduction of the oxygen tension of the arterial blood, even 
during heavy work. Nor can the inconstant increase of the carbon 
dioxide pressure (or cH) be expected to have a decisive influence. 

As pointed out above, the experiments in the dog met with 
special difficulties, periods of hyperpnea sometimes arising without 
any known stimulation, especially if the cord had been severed. 
The following experiment in the dog, however, demonstrates 
analogous conditions to those in the cat, though the irregular- 
ities are greater. 

Here also, the work hyperpnea after section of the spinal cord 
is obvious, and it can also be seen, that neither vagotomy nor 
sinus denervation prevents its appearance. This experiment, like 
those quoted above, shows that muscular work is accompanied 
by a considerable increase in ventilation, though the value per 
ml of oxygen consumed has decreased after denervation of the 
sinus and vagotomy. This result is also contrary to that of Com- 
roe and Schmidt who found that the effect of muscular work on 
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Dog, 10.7 kg, anesthetized with 100 ml 1 % .chloralose solution 
intravenously. Tracheal cannula and Muller valves. Electrical 
stimulation of hind legs with “Innervator”, 


Experi- 

mental 

condit. 

Ventilation 

1. per min. 
(37°, moist) 

Respiration 
rate per min. 

Oxygon con- 
sumption ml 
per min., red. 

Ventilation ml 
per ml oxygen 
consumption 

Rest 

3.63 

29 

57.4 

03.3 

Rest 

3.14 

34 

57.5 

65.4 

Work 

5.42 

28 

105.0 

01 .6 

Rest 

Shivering, 5 ml 20 % uretbano and 2 ml 10 % dial 
solutions injected intravenously 

3.02 

31.5 

01.5 

58.7 

Work 

7.50 

58 j 186.0 

Spinal cord Bevered 

48.4 

Rest 

3.18 

54.5 

07.4 

07.1 

Work 

14.05 

120 

200 

00.0 

Rest 

Bot 

h vagi cut, both sinuses dcticrvatcd 1 

3.10 

25 

70.2 

45.5 

Work 

8.41 

40 

190 

43.0 


ventilation was abolished in the dog after cordotomy. A priori, 
it must be considered very unlikely that a primitive reaction like 
the adaption of respiration to muscular work should be fundamen- 
tally different in dogs and cats. 

From our experiments, it can therefore be concluded that the 
increase in ventilation during muscular work can be explained 
neither by efferent nerve impulses from the working muscles as 
supposed by Asmussen, Christensen and Nielsen, as well as 
by Comroe and Schmidt, nor by impulses from receptors in the 
sinus or aortic regions. Insofar as these factors contribute to the 
increase in respiration during work, these influences must be of 
moderate or slight importance only. It therefore seems necessary 
to return to the old hypothesis of a direct chemical stimulation 
of the respiratory centre, this being taken as the sum of the central 
nervous mechanisms, whose state of function is correlated to 
ventilation. We hope to return to these factors in a succeeding 
communication. 


Summary. 

Moderate muscular work, induced by electrical stimulation of 
the hind-legs in cats or dogs, gives rise to an increase in ventilation 
which is not affected by section of the spinal cord or by extirpation 
of the sympathetic chains. Therefore, the effect on ventilation is 
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not due to a reflex stimulation from the working muscles, as 
supposed by some investigators. 

Elimination of the sinus and aortic mechanisms did not prevent 
the increase in ventilation during work, though it became some- 
what diminished. It is concluded that the main effect on ventila- 
tion during muscular work is due to influences acting'through the 
blood flow on the respiratory centre. 

This investigation has been aided by a grant from the Therese 
and Johan Andersson Memorial Foundation. 
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The Regulation of tlie Blood Pressure witli 
Special Bci'crcnce to Muscular Work. 

U. S. v. EULER and O. LILJESTRAND. 

Hrceited 8 Atjjrntt 10-16. 


The greatly increased demand for oxygen during muscular work 
can be satisfied only if the minute volume of the heart is main- 
tained at a sufficiently high level. The necessary arterial blood 
pressure, on tbe other hand, will be primarily dependent on the 
peripheral resistance, chiefly determined by the conditions of the 
vascular bed in tbe working muscles. In order that the general 
functions of the organism remain unimpaired, it must neither fall 
to such levels as may invalidate the Wood supply to the central 
nervous system, nor rise to levels which would incur a heavy 
load on the heart. For the maintenance of nn adequate Wood 
pressure level, some sort of regulatory influence must, of necessity 
come into play. As a matter of fact, only fairly moderate altera- 
tions of the blood pressure level have been found even during 
heavy work. Usually a moderate increase is met with, though 
sometimes an insignificant lowering hns been observed. Tims 
Kauf.mann (1892), recording the pressure in the carotid artery 
of the horse, usually found n small decrease when the animal was 
walking, and Zuntz and IIagemann (1898) recorded a corres- 
ponding effect: on an average, the pressure fell from 155 to 143 
mm. In the dog, Tange and Zuntz (1898) found an average rise 
of G mm during light work, and 23 mm during heavy work. At 
the onset of work there was often a slight decrease in pressure 
lasting a few seconds. 

With regard to man, several authors have observed an increase 
of tbe systolic pressure during muscular work (Cp. Tigerstedt 
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1922), but these results give no definite information as to the 
variations of tlie mean pressure. Liljestrand and Stenstrom 
determined the systolic as well as the diastolic pressure within 
ten seconds after the termination of a period of walking and 
running (1920), and swimming (1919), and found a much greater 
increase of the systolic than of the diastolic pressure, so that only 
a moderate rise of the mean pressure resulted. On the other hand 
the systolic pressure fell rapidly after cessation of the work 
(Liljestrand 1932); the mean values during the work itself must 
have been higher than those observed. During rest and work on 
the Krogh bicycle ergometer, Liljestrand and Zander (1928) 
found, in two healthy subjects that, though the systolic pressure 
rose considerably in proportion to the amount of work performed 
the diastolic values increased only slightly or varied irregularly. 
In one of the subjects, the mean pressure rose from a resting value 
of 93 mm, corresponding to an oxygen consumption of 0.25 1. per 
minute, to a maximum of 150 mm (at an oxygen consumption 
of 2.5 1. per minute); in the other, the corresponding values were 
89.5 mm at rest (0.21 1. oxygen consumption per minute) and 125 
mm (1.6 1. oxygen per minute). The rise in the mean pressure is 
thus very moderate. An increase of the metabolism by 100 percent 
is accompanied by an increase of the blood pressure by 6 — 7 per- 
cent. Similar results have later been obtained by Bock, Van- 
caulert, Dill, Folding and Hurxthal (1928) and by Eldahl 
(1933). In both these investigations the work was performed on a 
bicycle ergometer. 

It seems very probable, however, that the effect on the blood 
pressure varies somewhat with the kind of work performed. This 
is indicated by an investigation of Cotton, Lewis and Rappoport 
(1917). The work consisted in swinging 10 kg dumb-bells from 
the floor to the full stretch of the arms above the head and down, 
in two, three, four or more seconds and repeating this procedure 
a varying number of times. The work had thus a pronounced 
statical component. This may explain why the systolic and mean 
pressures rose after cessation of the work and attained a maximum 
about a minute after the work. After working on a bicycle, on the 
other hand, Bock, Vancaulert, Dill, Folling and Hurxthal 
observed a rapid fall of the systolic and mean pressures, and 
Liljestrand as well as Eldahl, had the same experience. 

When the oxygen consumption rises, the blood flow or the min- 
ute volume of the heart is proportionately increased. During 
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work on the bicycle ergomcter u rise in metabolism by 100 percent, 
is usually accompanied by nn increase in tbe blood flow of about 
50 percent. If tbe state of contraction of tbe blood vessels were to 
remain constant, the mean blood pressure must rise by a similar 
percentage. As has been pointed out. above, tbe increase observed 
is only about 1/8 as great. This example gives an idea of the 
considerable adjustments in the width of the vessels that actually 
tnke place during muscular work. 

Authors* Investigations. 

In these investigations the arterial blood pressure in the carotid artery 
of various animals has been recorded with a mercury manometer. This 
vessel was chosen in order to retain the blood supply to the hindlegs 
intact while they were performing the muscular work. It might he 
argued that, by tying off one carotid artery, conditions must he greatly 
altered with regard to blood pressure and blood flow in the sinus region 
of that side, and that thereby interact ions on the circulation as a whole, 
or on the. power of regulation, might be expected. This source of error lias 
been considered but comparative observations with recording made from 
another vessel, c. <j. the femoral artery, have not substantiated the fear, 
that the onesided tying off a carotid artery would have influenced our 
results to any appreciable degree. The reason lies undoubtedly in the 
compensationul activity exercised by tlic remaining similar reflexogenio 
zones. Since the main object of this study is to elucidate the interaction 
of muscular work on circulation, as far ns the blood pressure is con- 
cerned, it 1ms been considered of primary interest to investigate, the 
effects under different experimental conditions of such alterations in 
the composition of the blood gases as might be expected during muscular 
work. Both the carbon dioxide and the oxygen pressures might he 
affected and give rise, to local as well ns reflex and central effects. We 
have therefore tried the effects of inhalation of gas mixtures with 
varying carbon dioxide, and oxygen contents. The. following methods 
have been used in this connection: 

1) Denervation of the baro- and cheinorcceptor zones which might 
refloxly influence circulation. 

2) Specific elimination of certain parts of this Tcflex mechanism 
by means of small amounts of ergotnmine (0.15 — 0.2 mg per kg). 

3) Elimination of the central mechanisms in the brain and the 
medulla (decapitation) with or without elimination of the spinal centres 
(pithing). 

Denervation of the barorcccptor and cheinorcceptor zones 1ms been 
performed by tying off the tissue between the internal and external 
carotid arteries and by vagotomy, the depressor nerves in cats and 
dogs passing more or less completely in the vagosympathetic trunk. 
In rabbits the depressor nerves were cut in addition. 

The experimental variations of the gaseous tensions in the blood 
and the tissues were obtained by letting the animals inspire suitable 
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gas mixtures. In order to obtain gradual accumulation of carbon 
dioxide the animals were made to breathe in a closed spirometer system, 
which was filled with oxygen; if oxygen-want was to be established, the 
system -contained air from which the carbon dioxide was absorbed in 
the usual way by soda lime. Carbon dioxide accumulation and oxygen- 
want could easily be produced simultaneously, if the system contained 
air but no absorption of carbon dioxide took place. For rapid altera- 
tions gas mixtures were given from bags, which were either connected 
to the inspiratory side of the Loven valves or — in case of artificial 
respiration — with the Starling pump. A state of hypocapnia was some- 
times produced by artificial overventilation with gas mixtures poor in 
carbon dioxide. 

To control the effects of the gas mixtures, alveolar air samples were 
taken frequently at the end of expirations (cp. Euler and Liljestrand 
1936), and analysed. 

Most of the results given below have been obtained in cats under 
chloralose anesthesia (0.05 — O.oc g per kg intravenously). Sometimes 
corresponding experiments. have been performed in dogs and rabbits. 
When the results from these animals have been at variance with 
those from the cat, it has been mentioned in the next. 

1. The Effect of varying Carbon Dioxide Tensions 
on the Blood Pressure. 

In animals with intact blood pressure reflexes from the sinus 
and aortic regions, inhalation of air or oxygen with a moderate 
percentage of carbon dixoide (below 10 %) usually produced an 
insigificant or no effect on the blood pressure. If the carbon 
dioxide percentage in the inspired air increased continually and 
the oxygen percentage was maintained at a high level, we observed 
in some cases a characteristic sequence of effects on the blood 
pressure. Usually there was an initial moderate lowering of the 
pressure, followed later by an increase, which as a rule continued 
until there were very high values of carbon dioxide in the inspired 
and the alveolar air. The initial lowering of the pressure is probably 
due to a peripheral local dilatation which is only incompletely 
compensated. The secondary rise must be the result of a stimula- 
ting effect on the vasomotor centre, acting partly directly, and 
partly via the chemoreceptors. In the experiment given in fig. 1, 
where the alterations were very marked, the pressure started at 
127 mm with the alveolar carbon dioxide at about 5 %. At first 
a decrease of the pressure to 104 mm occurred with the alveolar 
carbon dioxide at about 8 %, but when the alveolar carbon dioxide 
had risen to 15 — 20 %, the initial level of the pressure had 
again been reached, and then it rose continuously, so that it 
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Fig. 1. Cat, chloralose, blood pressure. Animal breathing oxygen in close system 
with accumulation of carbon dioxide. 

1. (10.47) 5 p.c. alrcolar CO, 

2. (11.00) 8 » » » 

3. (11.54) 20 * » » 

4. (12.50) 38 » * » Shift to air breathing. 

Timo 30 see. 


was 177 mm when the alveolar carbon dioxide had attained 
the value of 38 %. 

In other cases, no definite effects on the blood pressure were 
obtained in spite of the fact that the alveolar carbon dioxide had 
risen to 25 %, which must signify a very efficient regulation. If 
this interpretation is correct, a definite effect of carbon dioxide 
is to be expected, if the regulating reflex mechanisms are elimin- 
ated. This has always been our experience. In one experiment, 
where the variations of the blood pressure under carbon dioxide 
accumulation were only about 10 mm with the reflex regulation 
intact, after denervation carbon dioxide caused a very marked 
effect. The pressure started at 170 mm at about 6 % alveolar 
carbon dioxide; it sank to 148 at 8 % carbon dioxide and then 
rose continually to 232 mm at about 28 % carbon dioxide in the 
alveolar air. 

Whether the reflex mechanisms were maintained or eliminated, 
the change from air rich in carbon dioxide to atmospheric air 
was follwed by a quick return of the blood pressure, which could 
even for some time sink below the initial level as illustrated in 
fig. 1. A drop was observed also, in such cases where the blood 


284 


U. S. v. EULER AND G. LILJE3TRAND. 


pressure remained constant during the accumulation of carbon 
dioxide, and in this event it was reversible. 

As shown by Rothlin (1923), Heymans and Regniers (1929), 
and Weight (1930), small doses of ergotamine cause an elimina- 
tion of reflexes from the baroreceptors. The mechanism of this 
action lias been interpreted in different ways. Thus Heymans 
and Regniers have advanced the opinion that the elimination 
of the reflex is due to a blocking of the peripheral vasomotor 
action, which is known to occur with high doses of ergotamine 
or ergotoxine, whereas Wright has produced evidence to show 
that the effect is on some central mechanism on the afferent side 
of the vasomotor centre. The latter view seems to gain support 
by the findings of Euler and Schmiterlow (1944). These authors 
observed that the reflex vasomotor actions elicited by stimulation 
of the chemoreceptors of the sinus region by means of oxygen- 
want were not suppressed by small doses of ergotamine, though 
the reflexes evoked by pressure changes in the sinus were abol- 
ished. 

Small doses of ergotamine (or ergotoxine) act not only on the 
reflexes elicited from the baroreceptors, but also cause a profound 
change in the vasomotor response to carbon dioxide. As shown 
by Ganter (1926), Kohn (1932) and Heymans and Boucicaert 
(1933) the normal rise in blood pressure called forth by asphyxia 
or by administration of gas mixtures rich in carbon dioxide, is 
replaced by a marked lowering of the pressure after moderate 
or even small doses of ergotamine. This effect has also been no- 
ticed recently by Gernandt and Zottermann (1946). Since the 
small doses of ergotamine do not suppress the ability of the blood 
vessels to react to vasoconstrictor impulses, as mentioned above 
it seems probable that the chief action of ergotamine is that of 
blocking the vasomotor centre to the action of carbon dioxide, 
which then only exerts its usual local vasodilating action, reveal- 
ing itself in a fall of blood pressure. 

When a dose of ergotamine, sufficient to cause a selective eli- 
mination of the baroreceptor reflexes was given, as in the experi- 
ments of Euler and Schmiterlow, a reversal of the action of 
carbon dioxide on the blood pressure was noted, in conformity 
with the observations of previous authors. The inhalation of a 
continuously increasing percentage of carbon dioxide in the in- 
haled gas mixture now produced a much greater primary lowering 
of the blood pressure than the one observed after complete de- 
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Fig. 2. Cat, chloraloso, blood pressure, 0.15 mg Gynergen/kg 1/2 hour earlier. 

1. Breathing shifted from air to oxygen with accumulation of CO.. 

2. 17.2 p.c. alveolar CO, 

3. 21.3 * » » , shift to air. 

4. From air to 10.5 p.c. 0, in N,. 

5. Air. 

0. and 8. Carotid artery occlusion, and inhalation of air and oxygen (administered 
at 7). 

0. Muscular Work, air breathing. 

Time 30 see. 


nervation of the baroreceptors and chemoreceptors. The low blood 
pressure level persisted even with a high carbon dioxide content 
in the respired gas. After changing to air or oxygen, the blood 
pressure rose again (Fig. 2). If the sinus and aortic regions were 
denervated before administration of ergotamine, the lowering of 
the blood pressure was still more pronounced in consequence 
of carbon dioxide accumulation. As shown in Fig. 9, constant 
artificial respiration with 6.5 or 16 p.c. carbon dioxide in oxygen 
caused a very conspicuous fall in the blood pressure after ergotamine, 
though the same gas mixtures before ergotamine had either no 
effect at all or increased the blood pressure. The fall in blood 
pressure caused by carbon dioxide after ergotamine is no doubt 
due to the unhampered local vasodilator action of the carbon 
dioxide. It is noteworthy that, though the stimulating effect of 
carbon dioxide on the blood pressure is abolished by small doses 
of ergotamine, the effect of oxygen-lack is still present and even 
enhanced, the latter as a result of the inhibition of the regulatory 
influence from the baroreceptors (Fig. 2 — 4), which further stresses 
the point that ergotamine acts in a very selective way. 

The lowering of the blood pressure in consequence of carbon 
dioxide accumulation, after functional elimination of the effect 
on the vasomotor centre, has a certain parallelism in the conditions 
of animals whose central nervous system has been eliminated by 
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Fig. 3. Spinal cat, blood pressure, artificial respiration. 


A. Shift from O. to 6.5 p.c. C0 2 in 0,. 

B. Muscular -work, air. 

C. 1. Artificial respiration decreased. 
3. 6.8 p.c. O a in Nj. 

6 . 0 ,. 

7. Air. 

9. Convulsions. 

11. Art. resp. decreased, air. 

D. (After Pithing) 1. and 3. 6. 8. p.c. O 
7. Muscular -work. 

Time 30 sec. 


2. Art. resp. increased. 

4. Convulsions, shift to air. 

6. 6.5 p.c. CO, in O,, 

8. Art. Tesp. increased. 

10. Continued hyperventilation 6.5 p.c. 
CO, in O,. 

in N,. 2., 4., 6., Air. 5. 6.5 p.c. CO, in 0,. 


destroying the brain and the spinal cord. Also, in this case, a 
lowering of the blood pressure is constantly found after carbon 
dioxide. This is sometimes also the case after decapitation alone; 
in other cases, however, a stimulating effect of carbon dioxide 
can be observed, probably via “the spinal vasomotor centres”. 
Opposing- effects of carbon dioxide have also been observed. At 
a relatively high pressure a moderate drop may occur; but hyper- 
ventilation with the same carbon dioxide mixture can give an 
increase of the pressure, after it had previously been lowered by 
hyperventilation with air (Fig. 3). 

A diminution of the carbon dioxide tension by overventilation 
with air or oxygen has quite regularly given a moderate fall of 
the blood pressure. This illustrates the wellknown fact that the 
normal carbon dioxide tension is an important contributory factor 
for the maintenance of the normal pressure. 
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2. The Effect of Variations in the Oxygen Tension 
on the Blood Pressure. 

In contrast with carbon dioxide, which exercises a stimulating 
influence on the blood pressure partly directly, and partly through 
a reflex effect from the chemoreceptors of the sinus and aortic 
regions, and thus is able, more or less, to compensate for the 
peripheral vasodilating effect, oxygen-want causes a rise in the 
blood pressure which is almost entirely due to a reflex effect via 
the stimulated chemoreceptors. The central effect is usually of the 
opposite nature and leads to a fall of the blood pressure; in the 
cat, this is the typical reaction to oxygen-want, when the reflex- 
ogenic zones have become eliminated. Their high sensitivity for oxy- 
genwant makes it easy to understand why even a low desaturation 
of the blood (or a decrease of the blood supply through the glo- 
mus regions), may bring into play this reflex. During usual 
anaesthesia, as a rule, a similar moderate decrease of the oxygen 
saturation of the blood is met with, and in consequence oxygen 
inhalation causes an elimination of the reflex increase of the blood 
pressure, as well as of the pulse rate (Euler and LiljestraNd 
1942). On the other hand, oxygen-want, as has been mentioned, 
after elimination of the reflex mechanisms, causes a lowering of 
the blood pressure, whereas oxygen inhalation now leads to an 
increase (Fig. 4). 

The effects just mentioned relate to conditions found in the cat, 
but in principle the same results were obtained in dogs and rabbits. 
In the dog, in most cases a certain stimulating action of oxygen- 
want on the centres was met with, which was demonstrated after 
elimination of the reflexogenic zones. 

Under normal conditions, the effect of oxygen-want is so effec- 
tively compensated by the blood pressure regulation that inhala- 
tion of gas mixtures poor in oxygen, e. g. 10 % oxygen in nitrogen, 
does not cause any marked increase of the blood pressure. After 
selective elimination of the baroreceptor reflexes with the chemo- 
receptor reflexes partly maintained, the effect of oxygen-want 
on the blood pressure can be made manifest. In the dog, this can 
be obtained through mechanical denervation of the baroreceptors 
alone, an operation which is difficult to perform in the cat. As 
mentioned before, we have the means of eliminating — by the aid 
of ergotamine — the barorecepter reflexes and the direct or indirect 
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Fig. 4. Cat, chloralose, blood pressure. Both sinus regions denervated, both. 

vagi cut in the neck. 

1. Shift from 0, to air. 

2. Shift from air to O. with accumulation of carbon dioxide. 

3. Shift from O, with 14.2 p.c. CO, to 0, (40 min. later). 

4. Air. 

Time 30 sec. 


effects of carbon dioxide on the vasomoter centre. Thus the animal, 
after having been treated with an adequate dose of ergotamine 
(0.1 — 0.2 mg/kg) reacts to oxygen-want with a marked increase 
of the blood pressure, demonstrating that the chemical reflex 
excitability for oxygen-want is maintained though the barore- 
ceptor reflex regulation is lost (fig. 2). If oxygen-want is combined 
with carbon dioxide accumulation, an antagonistic factor comes 
into play, since, after elimination of the baroreceptor regulation 
with ergotamine, the effect of carbon dioxide is a general lowering 
of the blood pressure. Consequently, an asphyxial stimulation 
may lead to a fall in the blood pressure after a small dose of ergo- 
tamine in spite of the reflex mechanism for oxygen-want being 
intact. 

After decapitation and destruction of the spinal cord, respect- 
ively, the effect of oxygen- want on the blood pressure is to cause a 
decrease; in the cat, as mentioned before, this is the rule after 
elimination of the reflexogenic zones. 

A comparison between the effects of different gas mixtures on 
the blood pressure under different conditions will be found on 
p. 295. 
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Fig. 5. Rabbit, urethane, blood pressure. A. muscular work. B. Same after de- 
nervation of both sinus regions and cutting the depressor nerves. C. Same after 
section of the spinal cord at LI — L2. Time 10 sec. 


3. The Effect of Muscular Work on the Blood Pressure. 

Muscular work was obtained by means of electrical stimulation 
with the “Innervator” as described in an earlier paper (Euler 
and Liljestrand 1946). Both modulated and unmodulated 
(ordinary faradic) stimulation was tried. 

a) Normal animals. 

With the onset of the work in most cases a moderate initial 
lowering of the blood pressure was observed, soon, however, followed 
by a more or less rapid return to the original level, at which the 
pressure remained nearly constant, though a moderate rise above 
that level was often found as the work continued (fig. 5 — 7). 
The primary lowering was most marked in the rabbit but less 
conspicuous, or of shorter duration, in the cat and dog, indicating 
that the counter-regulation was more efficient in those animals. 
During unmodulated stimulation, which caused a sustained con- 
traction of the muscles, a more or less considerable rise of the 
blood pressure was observed, probably mainly due to mechanical 
factors. When the modulated stimulation was used, the pres- 
sure remained on the whole unaltered. In those cases, however, 
where a moderate rise or a decrease of the pressure had taken 
place during stimulation, it soon returned to the original value 
obtained before stimulation. 
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Fig. 6. Dog, chloraloso, blood pressure. A. Muscular -w ork. B. Same after section 
of the spinal cord at LI — L2. C. Same after denervation of both sinus regions and 
vagotomy in the neck. Time 30 sec. 


b) The Effect of Muscular Work on the Blood Pressure after 
Elimination of the Sinus and Aorta Mechanisms . 

As illustrated in' fig. 5 — 7, muscular work, after elimination of 
the reflexogenic zones, provoked a more or less pronounced lower- 
ing of the blood pressure according to the degree of muscular 
activity. This was observed in cats as well as in dogs and rabbits. 
The decrease in the pressure was seen immediately after the work 
had started, but in contrast to the animals with intact regula- 
tion, the fall of pressure was very incompletely compensated and 
remained for a considerable time at the low level throughout 
the period of muscular work. In several cases a slow increase of 
the blood pressure' was observed as work went on and this ten- 
dency was especially obvious in experiments where a rise above 
the original value was observed after the work had stopped, a 
phenomenon that will be referred to later. 

The considerable lowering of the blood pressure during work 
in animals, the reflex regulatory mechanisms of which had been 
eliminated, is undoubtedly due to the wellknown dilatation of 
vessels in the active muscles that takes place during work. At 
the same time, the result demonstrates that the vasodilatation 
under normal conditions is so effectively compensated by the 
functioning of the regulating mechanisms that only a very in- 
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Fig. 7. ('lit, chlornlosc, blood pressure, 1. — 1. Muscular work during breathing 
of 1) nir 2) oxygen 3) G..'> p.c. CO, in O, and 4) 20..'i p.c. CO, in O,. f>. Shift to air. 
fi. — !). Muscular work during breathing of G) nir, 7) 0, 8) 0.5 p.c. CO, in O, 0) 10 
p.c. CO, in 0, after denervation of both sinus regions and vngotomy. lO.Shiftto air. 

. Time 30 see. 

significant alteration of the blood pressure ensues. From our 
knowledge of the nature of this compensatory mechanism, it can 
be concluded that muscular work must be accompanied by a 
Teflex increase in the activity of the vasomotor and cnrdio-accel- 
erator centres, and probably also with an increased secretion 
from the adrenal medulla; the vagal tone on the other hand must 
decrease. This conforms with earlier results by Hering (1895), 
Aulo (1911) a. o. who attributed the rise in pulse rate during 
muscular work chiefly to an increased tone of the accelerator 
nerves and a lessened tone of the vagi. Cannon (1929), Meytiialer 
and Wossidlo (1937) and Raab (1943) a. o. have given further 
evidence in favour of the view that muscular work is accom- 
panied by an increased secretion of adrenaline and symphatin 
respectively. 

As already mentioned a rise of the blood pressure, sometimes 
very considerable, has been observed in numerous cases after 
cessation of work. Such a secondary rise has been found in the cat, 
as well as in dogs and rabbits (fig. 5 — 7). Since this effect did not 
occur in animals with intact regulation of the blood pressure, it 

20 — $82-524. Acta phys. ftcanifinan. Vol. 12. 
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Fig. 8. Cat, chloralosc, blood pressure. 1. Muscular work, air, 2. Same in 0, with 
accumulation of CO, (alveolar CO, 10.8 p.c.). 3. after denervation of both sinus 
regions and vagotomy, muscular work (alveolar CO, 14. C p.c., alveolar 0, 10.1 p.c.). 
4. Oxygen. 5. Same work ns at 3, but breathing oxygen. Time 30 see. 


seems probable that under normal conditions it is compensated 
and therefore does not appear. It seems reasonable to assume 
that this increase is due to a central effect of carbon dioxide -which 
appears to be the only factor (apart from increased oxygen pres- 
sure during oxygen-want) that has been found to give a rise in 
the blood pressure in animals, deprived of their reflexogenic 
zones. Fig 7:9 shows that the secondary rise appears also with 
a gas mixtures rich in oxygen, if the carbon dioxide percentage 
is sufficiently high. It may even become very considerable in 
spite of a certain oxygen-want as is illustrated in fig. 8: 3. 
(Cp. also under d.) As illustrated by fig. 6, the effect also is 
observed after section of the spinal cord at L 1 — L 2, that is, 
above the area of stimulation. This operation has in no way led 
to other obvious alterations of the behaviour of the blood pressure 
during muscular work; consequently, nervous impulses originating 
from the working muscles themselves and passing to the central 
nervous system are of little importance for the blood pressure 
regulation. This is in contrast to the conclusions of Asmussen, 
Nielsen and Wieth-Pedersen (1943). As has been shown in 
another paper (Euler and Liljestrand 1946), the same holds 
true for the regulation of respiration during muscular work. 

The increase in blood pressure, observed during muscular work 
produced by unmodulated stimulation, was enhanced by de- 
nervation of the sinus and aortic regions, as was to be expected. 
The increase persisted as long as the work was in progress and was 
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followed by a fall to the original level, or temporarily even be- 
low it. 

c) Ejject of Muscular Work on the Blood Pressure after Decapita- 
tion and Destruction of the Central Nervous System. 

In decapitated animals, with the spinal cord severed at the 2nd 
cervical vertebra, muscular work was accompanied by a moderate 
increase of the blood pressure. If the spinal cord was destroyed, 
a fall of the blood pressure during work was observed which lasted 
for several minutes after the work had ceased. 

d) Effect of Muscular Work on the Blood Pressure during Inhala- 
tion of Gas Mixtures with varying Oxygen and Carbon Dioxide 
Percentages. 

In animals with intact reflex regulation of the blood pressure no 
obvious effects on the blood pressure were obtained by muscular 
work if, instead of air, pure oxygen or a mixture of 6.5 % narbon 
dioxide in oxygen were inhaled (fig. 7). During inhalation of gas 
mixtures of 15 — 20 % carbon dioxide in oxygen, or mixtures rich 
in carbon dioxide and poor in oxygen, which alone resulted in an 
increase of the blood pressure, this effect was probably enhanced 
by muscular work (fig. 7: 4). 

The rise of blood pressure after work, mentioned under b), in 
animals with the reflexogenic zones eliminated, could not be 
elicited in all cases, but it could usually be made manifest in 
certain ways. Thus fig. 7 and 8 show obvious differences with 
regard to the blood pressure curve in connection with the inhala- 
tion of gas mixtures of varying composition. Whereas inhalation 
of air or oxygen gave on the whole similar results, 6.5 % carbon 
dioxide in oxygen, and still more 16 % C0 2 in 0 2 , caused a much 
quicker return of the pressure to the original level; in the last 
case it even exceeded this. It seems probable that the secondary 
rise in the blood pressure after the cessation of work in animals 
with the sinus and aortic regions denervated has been due to an 
effect of accumulation of carbon dioxide or rather acid metabo- 
lites secondary to oxygen lack within the reacting cells of the 
centres. If this assumption is correct it is to be expected that 
the rise should vanish after treatment with ergotamine, which 
in fact was the case, as seen in fig. 2 and 9. Not only did the blood 
pressure fail to exceed the resting level after the cessation of work 
in ergotamine animals, but the return to normal was rather 




Fig. 0. Gat, chloralose, blood pressure. 1. Muscular Work. 2. From air to 0 2 . 
3. 16 p. c. C0 2 in O.. 4. (after denervation of both sinus regions and vagotomy) 
shift from O. to 16 p.c. CO. in 0 2 . 5. 0 2 . 6. Muscular work, 0 2 . 7. 16 p.c. C0 2 in O t , 
8. Muscular work. 9. 0 2 . 10. (after 0.2 mg Gynergen/kg), 16. p.c. C0 2 in 0 8 . 11. and 
13. 0 2 . 12. and 15. air. 14. Muscular work. 16. 6.5 p.c. CO. in 0». 17. air. Time 

30 sec: 
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slower. In addition the decrease in blood pressure during work 
was very accentuated after ergotaniine. These results therefore 
support the interpretation suggested above as to the cause of 
the rise in blood pressure during and after work in the denervated 
animals. 

In order to obtain an inhibition of the pressure-increasing effect 
of carbon dioxide, as well as a lowering for some time after the 
cessation of work, a dose of ergotamine of about 0.15 — 0.2 mg 
per kg is needed. A dose of 0.1 mg per kg, as a rule, abolishes the 
blood pressure rise during clamping of the carotids but the rise 
of the pressure during carbon dioxide accumulation has not been 
entirely absent in all cases. 


Summary of the Effects on the Blood Pressure of Muscular Work and 
of Inhalation of Gas Mixtures of varying Composition. 


(4- = rise, — = lowering of the pressure. If the signs are in brackets, the effect 
is small. 4 — or — signifies consecutive effects, 4; denotes inconstant results.) 


Normal 


Gas mixtures ricli in CO. ( — ) (4- ) 
Ovorvcntilation with air 

or oxygen — 

Oxygen inhalation .... ( — ) 

Oxygen want (4-) 

Muscular Work ( — )(-(-) 


After dener- 
vation of the 
sinus and 
aortic mecha- 
nisms 

gynergen 
per kg. 

After ergo- 
taminization 
0.13— 0.2 mg 

After 

decapitation 

After decapi- 
tation and 
destruction 
of the C.N.S. 

— + 

“ 

— 

+ 

— 

(+) 

( + > ~ 

+ 

4- 1 

< + ) 

(+) 

b 

— 

■ — 

± 

— 


1 If the hypoxemia is considerable, the blood pressure decreases. 


Discussion. 

The effect of muscular work on the blood pressure is the fina 
result of several factors in opposite directions and with varying 
strength. A number of such factors have been studied in this paper. 
In accordance with earlier observations, it has been found that 
accumulation of carbon dioxide, like other acids (Op. Atzler and 
Lehmann 1927), within certain limits leads to a peripheral di- 
latation of the vascular bed. Such an accumulation, which will 
occur in consequence of the increased metabolism, also acts as 
a stimulus to the vasomotor centre both directly and reflexly via 
the sinus and aortic mechanisms. A decrease of the oxygen ten- 
sion also causes peripheral dilatation (cp. Krogh 1922), and 
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this effect may be counteracted by a reflex stimulation of 
the vasomotor centre, elicited through the chemoreceptors. 
The direct effect on the centre, however, is mainly depressant. 
Mechanical factors, e. g. the squeezing out of blood from the 
muscles in certain kinds of work, may also be of importance. 
The most prominent role in the regulation of the blood pressure 
is certainly played by the baroreceptors. Usually their influence 
is so great that the pressure is only altered to a small extent. 
Sometimes, however, the other factors mentioned may have so 
strong an influence that the pressoregulation through the baro- 
receptors is insufficient to prevent a considerable rise, or in other 
cases a moderate fall. 

Though much study is needed in order to explain in detail the 
effects of muscular work on the blood pressure, our results seem 
to indicate certain possibilities. The first reaction to muscular 
work, noted by other authors as well as by ourselves, is a primary 
lowering of the pressure for a short while. It seems probable that 
this is due to the local effect of carbon dioxide accumulation and 
oxygen-want. It takes some time, however, before the effect is 
carried by the blood to the chemoreceptors and the centre, espe- 
cially if the blood flow is not free as in some cases of statical work. 
There may also be a certain period of latency in the reflex appara- 
tus itself (Cp. the relatively slow effect when the carotids are 
clamped and the drop below the original level in fig. 1: I). The 
response in the form of a general increase in the tone of the vaso- 
motor centre will therefore often be too slow to prevent a marked 
fall at first. Soon, however, the pressure rises again, though some- 
times it remains somewhat lower than during rest. This would 
seem to be the natural outcome, if the baroreceptors alone were 
responsible for the regulation of the tone of the vasomotor centre. 
It may be added in this connection that Asmussen, Nielsen 
and AVieth-Pedersen (1943), contrary to the assumption of 
pressoreflexes being a link in the regulation of the arterial blood 
pressure during muscular work, make the objection that “it is 
not easy to understand how the reflex reactions can be brought 
about at the onset of the work, as normally no initial fall in the 
arterial blood pressure is observed”. From the experiments 
described in this paper it is obvious that, as a rule, an initial fall 
does occur, and the results obtained after denervation of the 
baroreceptive zones seem to leave no doubt as to the great im- 
portance of the baroreceptors 'in maintaining the pressure during 
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muscular work. The great role played by the pressure regulating 
system during muscular work is also borne out by the fact that 
after thoraco-lumbar sympathectomy in man muscular work is 
accompanied by a drop in diastolic blood pressure of as much as 
30 mm Hg (Lord and Hinton*, 1945). 

Often, the blood pressure during work rises continually for 
several minutes and even exceeds the resting value. The explana- 
tion seems to be that this is the outcome of the chemical influences 
acting directly or reflexly on the centre. Fig. 5 and G demonstrate 
that such a gradual increase is sometimes observed during work 
after denervation of the sinus and aortic regions. When the work 
was ended and the peripheral effects of the metabolites on the 
local tone of the vessels rapidly decreased, a considerable rise in. 
the blood pressure above the resting value was found in the exper- 
iments on the dog and the rabbit. A similar but lesser effect is 
also observed in the cat (Fig. 7). It is to be remembered that, in 
the cat, oxygen deficiency appears to have a stronger depressant 
effect on the vasomotor centre than in the dog, while the cliemo- 
receptors may possibly play a greater role in the cat, which might 
explain the differences in results found between the species of 
animals investigated. It is difficult in these cases to find an ex- 
planation for the rise of the pressure above the resting value other 
than through the mediation of the blood. 

It has been pointed out before (p. 282) that relatively low tensions 
of carbon dioxide in the intact, as well as in the denervated 
animal, cause a decrease of the blood pressure whereas higher 
concentrations cause an increase. In the former case, the peripheral 
effect dominates; in the latter, the central. It is therefore to be 
expected that the central influence will become relatively greater 
as the amount of the work increases. This would seem to conform 
with the observations quoted in the beginning of our paper: that 
the blood pressure during light work is often maintained at a 
low level — sometimes even lower than during rest — but that 
it is raised during heavy work, and also that the rise is somewhat 
in proportion to the amount of work done per minute. It is obvious 
that oxygen want in the intact animal acts essentially in the same 
direction as accumulation of carbon dioxide, the depressant 
direct effect on the centre being under ordinary conditions, over- 
compensated by the reflex action through the chemoreceptors. 
It is also conceivable that accumulation of acid metabolites, sec- 
ondary to oxygen lack, may have a stimulating influence on the 
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blood pressure regulating centres, and in this case the effect 
should appear in the sinus-denervated animal as well. 

It might be argued that carbon dioxide provoked a blood pres- 
sure rise similar to that found in denervated animals after the 
cessation of muscular work, but only in rather high concentra- 
tions (about 15 — 20 % in the inspired air), and that such con- 
centrations are unlikely to occur in the blood during or after work. 
But it is quite possible that considerable alterations in the reac- 
tion may take place within the cells of the vasomotor centre during 
work, even if the corresponding changes in the blood are relatively 
small. A similar situation with regard to the respiratory centre 
has sometimes been assumed. 

If the blood flow through the working muscles is impaired, it 
is to be expected that the central effects of carbon dioxide 
accumulation and oxygen-want will appear at the moment of 
establishment of better conditions for the circulation. This 
seems to explain in part — together with the disappearance 
of the peripheral dilatation — the great increase in the blood 
pressure observed on cessation of work in the denervated animals 
having a low and rather insufficient blood pressure during work. 
It might also explain the high pressure observed after statical 
work (Lewis and collaborators). There seems to be little doubt 
according to the investigations of Lindhard (1920) that during 
statical work the circulation may easily be hampered to a greater 
or lesser degree. 

Summary. 

The effect of various gas mixtures and of muscular work has 
been studied on the blood pressure of cats and dogs in chloralose 
anaesthesia and in rabbits under urethane. 

A gradual increase of the carbon dioxide content of inspired 
oxygen caused relatively slight changes in the blood pressure of 
the cat. After elimination of the sinus and aortic mechanisms a 
primary fall and a secondary rise of considerable magnitude en- 
sued, the former due to peripheral vasodilatation and the latter 
due to central stimulation. Similar though less pronounced chan- 
ges were sometimes observed also before the denervation. 

The rise in blood pressure by chemoreflex action of oxygen 
want was increased after elimination of the baroreceptor mecha- 
nism by means of ergotamine. Denervation of the reflexogenic 
areas reversed the effect of oxygen lack in the cat. 
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Moderate muscular work, induced by electrical stimulation of 
the hind legs, caused little change in the blood pressure apart 
from an initial transitory fall. The same result was obtained after 
section of the spinal cord. In animals deprived of their sinus and 
aortic reflexes the blood pressure was greatly lowered during 
muscular work. A rise above the resting level was sometimes ob- 
served after the termination of work. This rise was accentuated 
or could be provoked by inhalation of gas mixtures rich in carbon 
dioxide and poor in oxygen. It was often considerable, when the 
sinus and depressor mechanisms had been eliminated. 

It is concluded that the blood pressure during muscular work 
is maintained at an adequate level chiefly by the mediation of 
the baroreccptor reflex mechanism. In addition the blood pres- 
sure may be influenced by central actions secondary to carbon 
dioxide accumulation or deficient oxygen supply or both. 

This work has been aided by a grant from the Thdresc and Jo- 
han Andersson Memorial Foundation. 
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Observations on the Pulmonary Arterial 
Blood Pressure in the Cat. 
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Tlie well-known regulatory influence exerted on the general 
blood pressure by impulses deriving from the sinus and aortic 
reflexogenie zones raises the question as to whether the pulmonary 
arterial blood pressure is subject to regulatory forces of a similar 
or different kind. The lungs, being placed in series with the general 
circulation, would scarcely be dependent on the maintenance of 
a certain blood pressure level in order to ensure the blood supply 
to the organ itself, as is the case for a number of organs in the 
general circulation, notably the central nervous system and the 
kidneys. On the other hand, there would seem to be reason for 
some regulation in so far as a high level of pulmonary capillary 
blood pressure might be harmful on account of the risk of 
pulmonary oedema. 

The existence and role of pulmonary vasomotor nerves, which 
might convey such regulatory influences, has been the subject 
of numerous investigations, beginning with Bradford and Dean 
(1889), Franqois-Franck (1895), Henriques (1892), Tigerstedt 
(1903), and others, and more recently by Daly and his co-workers 
(Berry and Daly, 1931, Daly and Euler, 1932). 

In order to obtain reliable figures for the pulmonary arterial 
blood pressure, it would seem necessary to keep the animal 
under as physiological conditions as possible concerning the respi- 
ratory functions, and this would involve measurements during 
spontaneous respiration and a closed thorax. Experiments of 
this kind are comparatively few. Daly (1937) and later Ka tz 

22 — 'iG 2524. Acia phys. Scandinau. Vol. 12. 
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and Steinitz (1940) measured the pulmonary arterial blood pres- 
sure by the use of the London technique. In several cases, however, 
the blood pressure in the right ventricle in animals with a closed 
thorax has been measured. 

The earlier experiments concerning the pulmonary circulation 
have mostly been, undertaken with open thorax, though care has 
been taken in many instances to avoid pneumothorax and to 
retain spontaneous respiration. Of course, this does not ensure 
natural conditions with regard to the intrathoracic pressure, since 
the mediastinal wall is not a rigid structure as is the thorax. 
However, many of the results add valuable information as to the 
response of the pulmonary vessels to nervous and chemical sti- 
muli. Lichtheim reported, as early as 1876, that at least 3/4 of 
the total vascular bed of the pulmonary arteries could be excluded 
without causing any change in the systemic blood pressure. The 
experiments were performed on curarised dogs, but in one instance 
also on a non-anaesthetized, spontaneously breathing rabbit 
with a unilateral pneumothorax. Lichtheim also observed a rise 
in the pulmonary blood pressure of about 50 per cent on com- 
pression of the left pulmonary artery, and conlcuded that the 
right heart was forcing the same volume of blood through the 
expanded remaining vessels as through the whole lungs before 
compression. Vasomotor regulatory influences acting on the 
systemic circulation were disregarded as a possible cause of the 
maintenance of the blood pressure level, since there was no sign 
of even a temporary change in the systemic blood pressure on 
compression of a pulmonary artery. These results were confirmed 
by Tigerstedt (1903) who stated that compression of the hilus 
of one lung did not cause any change in the systemic blood pres- 
sure. The pulmonary arterial pressure was not measured in his 
experiments, but the maximal pressure in the right ventricle was 
only slightly raised or changed, and he therefore advanced the 
opinion that previously excluded parts of the pulmonary vascular 
bed were switched into the circulation on compression of the 
vessels to one lung. 

One of the important observations by Tigerstedt prompted 
the statement that no definite relation could be found between 
the systemic and the pulmonary arterial blood pressure. The 
relation showed variations between 1: 13 and 1: 1.3 in the rabbit. 
Generally the absolute pressure varied between 1 1 and 25 mm Hg, 
though as low a value as 8 mm was found at a systemic pressure 
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of about 100 mm Hg. The maximal pressure observed on occlu- 
sion of the aorta was in no case higher than 51 mm Hg. 

The effect of stimulation of the pulmonary vasomotor nerves 
has been studied by a number of investigators, and more recently 
by Daly' and his co-worker on the dog’s isolated perfused lungs. 
They found that vagal stimulation generally caused a moderate 
vasodilutation, and stimulation of the stellate ganglion vaso- 
constriction. On the isolated perfused rabbit’s lung Euler (1932) 
showed that vagal stimulation, similar to injection of acetylcho- 
line, caused a rise in pulmonary arterial pressure, and injection 
of adrenaline likewise produced a slight rise. 

Two questions seem to merit special interest with regard to 
the hemodynamics of the pulmonary circulation. One is the reac- 
tion of the lung vessels to a greatly increased flow, as will occur 
for instance in muscular work, and the second is in what way the 
lung vessels react to variations in the blood gases. These problems 
have been subjected to a study on anaesthetized cats breathing 
spontaneously with closed thorax or in some cases artificially 
ventilated. 

Methods. 

In all experiments cats weighing 3 — i leg were used, anaesthetized 
with (). os — O.or. g cldoralose per kg intravenously through a brachial 
vein. Arterial systemic blood pressure was recorded from one. carotid 
artery. 

In order to record the pulmonary arterial pressure the technique of 
Median (1901) was used in principle, with slight modifications. The 
thorax was opened widely 
on the left side between two 
ribs at the level of the pul- 
monary artery, and artificial 
respiration given. By open- 
ing the pericardium the pul- 
monary artery was exposed, 
care being taken not to sever 
the nervous tissue between 
the pulmonary artery and the 
aorta. The pulmonary artery 
was compressed near its origin 
by means of a pair of forceps. When completely compressed, a rapid 
fall in the general blood pressure ensued and a short longitudinal slit 
was then made in the pulmonary arterial wall by means of fine scissors. 
The special cannula described below (see Fig. 1) was then quickly 
inserted and the blood stream through the artery released. The can- 
nula consisted of two well-fitting, concentric metal tubes which could 
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be moved one -within the other. Both were fitted with slightly curved 
flanges at their ends, giving a good contact surface. When inserting the 
cannula, the flange of the inner tube was inserted into the lumen of 
the vessel. Then the outer tube was slid down so that its flange pressed 
against the flange of the inner tube, thereby gripping the edges of the 
incision in the vessel wall. The outer tube was fixed in this position 
by a stop ring. When the cannula was properly inserted, no bleeding 
occurred. The cannula was then slightly supported in order to prevent 
compression or kinking of the vessel, and the thorax closed at an in- 
flated state of the lungs. Spontaneous respiration was soon resumed 
and normal mechanical conditions in the thorax were restored. 

For the recording of the pulmonary arterial blood pressure, the can- 
nula was connected with a vertical 30 cm glass tube of the same bore 
as the cannula (about 3 mm) which was connected to a piston recorder. 
The actual pressure in mm blood could thus be read at any time and 
the tracing calibrated at desired intervals. Clotting was prevented by 
pure heparin, kindly placed at our disposal by Dr. E. Jorpes, 

As a control, in several instances, the pressure was recorded simul- 
taneously from the left auricle. Various gas mixtures were administered 
either through a Loven respiratory valve when the animal was breath- 
ing spontaneously, or by attachment of gas bags to the Starling pump. 

Muscular work was induced by placing the electrodes of an “Inner- 
vator” apparatus, giving alternating current at a frequency of about 
50 Hz and with rhythmically varying strength, low on the back and 
on the lower belly. 

Denervation of the sinus region was performed by tying off the tissue 
between the external and the internal carotids. 


Results. 

1. Pulmonary Arterial Blood Pressure under Normal 
Experimental Conditions. 

Beutner (1852), in Ludwig’s laboratory, seems to have made 
the first observations on the pulmonary blood pressure. In the cat 
he found values of 7.5 — 24.7 , on an average 17.6 mm Hg. In our 
preparations, where the spontaneous respiration after closure 
was satisfactory, but also in those cases where adequate artificial 
respiration was instituted and the general systemic blood pressure 
was at an ordinary level, the pulmonary arterial blood pressure 
was fairly constant. The following table shows the approximate, 
typical level of the systemic and pulmonary pressures in the 9 
experiments where conditions were considered satisfactory. 

The relation between the pulmonary and the systemic arterial 
pressures thus varied between 1: 13 — 14 and 1: 5, on an average 
1* 7 — 1: 8 during normal steady conditions. This compares well 
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“Nr 

Systemic B. P. 
mm Hg 


Breathing 


mm Hg 

i 

115 

22 

10 

Artificial 

0 

150 

30 

22 

Spontaneous 

3 

ICO 

10 

12 

» 

4 

120 

20 

15 


5 

90 

23 

17 

Artificial 

0 

120 

22 

10 

Spontaneous 

7 

150 

25 

18 

» 

8 

150 

23 

17 

9 

9 

135 

24 

IS 

9 

Average: 

132 

! 23 

17 1 1 


with the observations of Beutner for cats and of Tigerstedt for 


rabbits where no fixed relation between the pressures was found. 
The latter author gave the limits for the relative pressures of 
1: 13 and 1: 1.3, though it should be remarked that the lower 
ratios corresponded to either unusually high pulmonary pressure 
or low systemic pressure or both, indicating abnormal conditions. 

In the majority of ex- 
periments, the pulmonary 
pressure levels remained 
quite steady apart from 
the oscillations produced 
by the respiratory move- 
ments, and this is clearly 
seen in most of the tra- 
cings. In one experiment 
(nr I) large waves ap- 
peared, however, with a 
frequency of about 2 in 
3 minutes (Fig. 2). The 
waves bad an amplitude 
of about 5 cm water but 
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in spite of these consider- 
able variations they were 
hardly reflected at all in 
the systemic pressure, as 
seen in fig. 2. This seems 
to contradict the explana- 
tion given by Aalkjaer 
(1935), who considered the 
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Fig. 2. Cat. 2.9 kg. Chlornlose. Upper curve 
pulmonary arterial pressure •with spontaneous 
waves, lower curve systemic blood pressure. ■ 
Spontaneous breathing, closed thorax. Time 
10 see. 





30fi 


( r. S. v. EUTiER ASD G. LIIJESTRAND. 


rhythmical variations in the ])ulmonary blood pressure to be due 
to similar variations in the systemic pressure. The waves gradu- 
ally disappeared when the systemic pressure fell to some 70 mm 
Hg. Tt seems reasonable to assume that the effects on both systems 
are the result of rhythmical activity in the vasomotor centre. 
Other types of waves occurring independently of the systemic 
pressure have also been noted (see fig. 3). 

Towards the end of an experiment there was mostly a tendency 
for the pulmonary arterial pressure to rise. Doubtless the reason 
for this must be found partly in a relative insufficiency of the left 
heart, resulting in pulmonary congestion, and partly in commen- 
cing asphyxial changes in the blood which will increase the pul- 
monary arterial pressure (see below, p. 309). 

2. Effect of Variations of Systemic Blood Pressure and 
Blood Flow on the Pulmonary Arterial Pressure. 

a) Systemic, blood 'pressure changes. 

Changes in the systemic arterial pressure were effected in 

the common carotids a marked 
rise in the general pressure was 
elicited; this did hardly, however, 
influence the pulmonary arterial 
pressure as seen in figure 3. In 
other cases, a stimulation of the 
pressoreceptors was brought about 
by traction of the common carotid 
and this was followed by the usual 
fall in systemic blood pressure. 
Again, this change did not influence 
the pulmonary arterial pressure to 
any perceptible degree, nor was 
this necessarily the case when 
the blood pressure was raised by 
asphyxia or vagotomy. 

b) Muscular ivork. 

The most physiological way of 
increasing the total blood flow is 
undoubtedly to induce muscular 
work. This was done in a num- 


several ways. By clamping 

ii - 

cm 
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Pig. 3. Cut. 3.5 kg. Chloralouc. Upper 
curvo pulmonary arterial pressure, 
lower curvo systemic pressure. Arrows 
indicato occlusion and opening of 
common carotid artery. Spontaneous 
breathing, closed thorax. Timo 30 sec. 



Fig. 4. Cat. 4.X kg, Chloraloso. Upper curyo pulmonary arterial pressure, lower curve syBtemic blood pressure. 1. and 3. 1'/, minutes 
moderate muscular work during air breathing. 2. Samo during oxygen breathing. Spontaneous breathing, closed thorax. Time 30 Bee. 
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ber of experiments where respiration was spontaneous, and free 
to respond to the increased demands for gas exchange. In four 
of the five experiments where muscular work was performed, a 
definite rise in pulmonary blood pressure ensued, whereas the 
systemic pressure generally showed a slight fail (Fig. 4). It was 
also noted that the response was different according to whether 
the animal w r as allowed to breathe air or oxygen. This will be dis- 
cussed further in section 3. 

The rise in blood pressure occurred within a few seconds after 
the commencement of the muscular work, as seen in fig. 4. 
A partial reason for this quick rise, which continued in the form 
of a plateau but often declined during the work, is probably a 
susbstantial increase in the volume of blood delivered to the right 
ventricle. It is not surprising that an increase of two or three 
times the minute volume, as would be the case in the kind 
of work in question, should be accompanied by a rise of 
blood pressure, unless a vasodilator action were to take place 
simultaneously. Whether this action is of reflex type, it is 
not possible to decide from our experiments. At any rate, a 
regulatory action could not be effected reflexly through the 
vagus nerves, since section of these did not alter the response. 
A reversible fall in pulmonary pressure during muscular work 
was encountered in one case. It should also be noted that the 
relative pressure changes in the systemic circulation, where a 
pressure regulation is known to occur during muscular work 
(Euler and Liljestrand 1946), are as a rule relatively far 
smaller than those in the pulmonary circulation. This speaks in 
favour of the assumption that the latter is adopted to a greater 
flow chiefly by extending the functionally flexible pulmonary 
vascular bed (of Tigerstedt c. p. 274.) 


c) Reduction of 'pulmonary vascular bed. 

As found by Lichtheim and confirmed by Tigerstedt occlu- 
sion of the arteries to one lung did not cause any change in the 
systemic blood pressure. The latter author did not even find any 
rise in the pulmonary arterial pressure which, however, was noted 
by Lichtheim. We have repeated these experiments and have 
been able to confirm the findings on the first points, as seen in 
Fig. 5. With regard to the pulmonary arterial pressure, however, 
this was regularly increased as might be expected, if the same 
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amount of blood bas to pass through the 
reduced vascular Ijed. The rise was quite 
moderate, however, amounting to approxi- 
mately 20 percent. 

d) Effect of injections into the 'pulmonary 
artery. 

Incidentally, it was noted that injection 
of Ringer’s solution into the pulmonary 
artery through the cannula was followed 
by a slight fall in pressure, which persisted 
for a minute or so. The reason for this 
effect may have been a distension of the 
vessels which was only slowly overcome. 
This is also in keeping with the ability of 
the lung vessels to adjust themselves easily 
to an increased flow. 






3. Effects of Inhalation of Gas Mixtures 
of Varying Oxygen and Carbon Dioxide 
Content. 

The influence of variations in the blood 
gases on the systemic blood pressure has 
been subject to numerous observations 
under varying experimental conditions. The 
discoveries of Heymans and his co-workers 



Fir. 5. Cat. 3.0 kg. 
Chloralose. Upper curve 
pulmonary arterial pres- 
sure, lower curve systemic 
blood pressure. Arrows 
indicate occlusion and 
opening of left lung artery. 
Artificial respiration, open 
thorax. Time 30 sec. 


(1932) concerning the reflex control of blood 

pressure through the medium of the chemoreceptors constitute 
the most important recent contributions to this problem. Re- 
cently Euler and Liljestrand (1946) have studied the effects 
of blood gas variations on the systemic blood pressure of the cat 
and summarized the results. 


With regard to the effects of the blood gases on the pulmonary 
blood pressure, this question may be said to merit special interest 
on account of the gas exchange in the lxmgs. 

We have tested in repeated experiments the effects of gas mix- 
tures rich and poor in oxygen, as well as rich in carbon dioxide. 


a) Oxygen-lack and pure oxygen. If the animal is made to 
breathe a mixture containing 10 — 11 per cent oxygen in nitrogen, 
an increase of the pulmonary arterial pressure was invariably 



I'ig. fi. Cat. 3.0 kg. Chloralosc. Uppermost curve pressure in left auricle, middle 
curve pulmonary arterial pressure, lower curve systemic blood pressure. 1. 0. 
(from air). 2. 6.0 p^ c. CO, in 0 ? . 3. 0.. 4. 18.7 p. c. CO. in 0,. 5. O*. 6. 10.5 p. c. 

Oj in N.. 7. 0.. Artificial respiration, open thorax. Time 30 sec. 

observed. This effect has not been influenced to any perceptible 
degree by vagotomy or by extirpation of the stellate ganglia, and 
must be regarded as a direct effect on the lung vessels unless a 
reflex mechanism of altogether unknown nature comes into play. 
Also breathing of pure oxygen caused a distinct fall in pulmonary 
arterial pressure as illustrated in fig. 6. The considerable increase 
in the minute volume of the heart during moderate muscular 
work led to a rise in the pulmonary arterial pressure about 
equal to that observed during rest, when air was inspired 
instead of oxygen (fig. 4). It must be concluded that this 
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Fig. 7. Cut. 3.5 kg. Chlomlotio. Upper curve pulmonury urtcrinl pressure, lower 
curve Bystomic blood pressure. 1. 20.5 p. o. CO. in 0. from ().. 2. O.. 3. Air. 4. 10.5 
p. c. 0. in Nj. 5. Air. (i. O.. Spontaneous breathing, closed thorax. Time 10 sec. 


latter effect is in the main caused by other factors than an 
increase of the blood flow. 

From our observations it can be inferred that even during 
normal experimental conditions there will he a certain degree of 
vasoconstriction in the lung arteries caused by the desaturation 
of the venous blood. Fig. 4 illustrates that this effect i.s added 
to that of muscular work, indicating different mechanisms in 
the two cases. 

b. Carbon dioxide. When the gas inhaled by the experimental 
animal was changed from oxygen to a mixture of 6.5 per cent 
carbon dioxide in oxygen, a moderate increase in pulmonary 
arterial blood pressure ensued. Higher concentrations of carbon 
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dioxide ■were also tested with the same result. In some of these 
experiments, the carbon dioxide gradually increased since the 
animal was breathing pure oxygen from a spirometer with no 
means for the absorption of the carbon dioxide. The rise in pul- 
monary blood pressure was, however, relatively moderate and less 
than the increase in systemic pressure. Thus in one experiment 
the latter increased from 134 mm Hg at an alveolar carbon 
dioxide of 8.67 per cent to 18G mm at 19.80 per cent alveolar 
carbon dioxide t. c. 40 per cent, whereas the pulmonary pressure 
only increased from 17.2 cm blood to about 20 cm or 16 per cent. 
The effect of oxygen lack occurred independently of section of 
the vagodepressors or removal of the stellate ganglia and seems to 
be a direct action on the vessels. A similar kind of direct action 
of the blood gas content, though acting conversely, is shown by 
the placental arteries, which contract vigorous^ under the action 
of oxygenated blood (Schmitt 1922). Also the effect of carbon 
dioxide noticeably differs from that generally found. The higher 
percentages were not, however, accompanied by a rise in the left 
auricular pressure and the lower oncentrations (6.5 p. c. C0 2 in 0 2 ) 
could even cause a slight lowering of the pressure in the left auricle 
(Fig. 6). During asphyxia the marked rise in pulmonary blood 
pressure might occur with only a minute rise in the left auricular 
pressure (from 3 to 4 cm blood). A comparison of the effects of 
various blood gases on the systemic as well as the pulmonary 
blood pressure is found in fig. 7. 

In the experiments on the effect of muscular work on the pul- 
monary circulation, it was noted that the rise in blood pressure 
was definitely greater when the animal was breathing air than 
during oxygen inhalation. This is obviously due to an increased 
degree of desaturation of the venous blood during muscular work 
in the former case. 

4 . Effects of Various Drugs on the Pulmonary 
Arterial Pressure. 

In previous investigations the effect of drugs on the pulmonary 
blood pressure has been studied repeatedly. Thus Mellin (1904) 
tested the effect of, among others, nicotine, heart glucosides, 
amyl nitrite, nitroglycerine and adrenaline. Nicotine caused a 
slight fall followed by a small rise, and adrenaline in doses of 
12 — 20 fig only a moderate rise of 2 — 3.5 mm Hg or 15 — 25 per 
cent. Higher doses (30 — 40 jug) had a still smaller action. 
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Fig. 8. Cat. 3.0 kg. Chlornlosc. Upper curve pulmonary arterial pressure, lower 
curvo systemic Mood pressure. 1. 5 />g dl-nor-adrcnalino hydToeldoridc. 2. 5 tig 
1-ndrcnaline intravenous injections. 3. 2.3 tig 1-adrenaline. 4. 2.3 tig dl-nor-ndre- 
nalinc hydrochloride injected into the pulmonary artery. Spontaneous breathing, 
closed thorax. Time 30 sec. 


Daly and co --workers have tested the effect of various drugs 
on the dog's pulmonary circulation and found a rise after adrenaline 
and a fall after acetylcholine. 

a) Adrenaline. 

The effects of adrenaline have been somewhat varying. In 
our best preparations, however, a definite and considerable rise 
in pressure has been observed. Thus in expt 9, intravenous in- 
jections of 5 /<g adrenaline caused a rise of 7 cm blood or from 25 
to 32 cm (28 per cent). Direct injection of 2.5 pg adrenaline into 
the pulmonary artery gave a rise of 6 cm from 27 to 33 cm. 
The curve in the former case-showed a typical step as illustrated 
by fig. 8 and the rise had about the same duration as in the systemic 
blood pressure, though the wellknown “step” in this case occurred 
earlier. On injection of the smaller dose directly into the pulmonary 
circulation the primary rise was rather prominent as compared 
■with the second slower rise. 

In other experiments the effects have been less conspicuous, 
however, and in one case no effect whatever was noted after a 
dose of 0.1 mg which caused a very marked effect on the systemic 
pressure. In expt 4 the only response to 5 /< g adrenaline was a 
slight fall in pressure. 
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In conclusion it may be said that adrenaline, if effective at all 
on the pulmonary arterial blood pressure, causes small effects 
only, as compared with those on the systemic circulation. 

b) Arterenol. 

In recent investigations by Euler (1946) it has been demon- 
strated that extracts of most organs and adrenergic nerves contain 
a sympathomimetic substance which conforms in its biological 
and chemical action with nor-adrenaline or arterenol. It was 
therefore considered of interest to compare the action of this 
substance with adrenaline. On the systemic blood pressure the 
effects were of about the same strength, weight for weight, though 
the adrenaline “step” failed to occur with the arterenol. The ac- 
tion on the pulmonary blood pressure revealed certain differences 
in action, however. Thus the total rise was markedly less with 
arterenol and a definite fall was noted between a primary short 
rise and a second prolonged one. (Fig. 8.) The same picture was 
obtained in principle when a smaller dose, 2.5 ft g, was injected 
directly into the pulmonary artery through the cannula. Since it 
may be assumed that stimulation of the adrenergic nerves to the 
lung will liberate a substance with the same type of action as 
arterenol, this result is of significance for the evaluation of the 
results of stimulation of the pulmonary vasomotor nerves of 
adrenergic origin (cf. below, section 5). 

A similar action was obtained with dihydroxy-nor-ephedrine 
as with arterenol. 

c) Veritol. 

This substance, in a dose of 2 mg, caused a very conspicuous 
and long-lasting rise in the pulmonary arterial blood pressure 
from 27 to 35 cm blood (30 per cent). 

d) Acetylcholine. 

In doses of 1 5 p.g acetylcholine caused a fall in pulmonary 

arterial pressure. Even the smallest dose tried, 1 fig, may produce 
a fall from 27 to 21 cm blood (22 per cent) (Fig. 9). On the other 
and 10 ft g had no effect in one case. This effect of acetylcholine 
agrees with the effect in dogs, but is in contrast to the effect ob- 
sen, e on the perfused lung of the rabbit, where vasoconstriction 
and a rise in pressure were found (Euler 1932). 

• no ^ e( ^ ^kat the reaction to acetylcholine, here as 

m ■ e ra it, is parallel to the effect of vagal stimulation. 
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Fig. 0. Cat. 2.9 kg. Chloralose. Upper curve pulmonary arterial pressure, lower 
curvo systemic blood pressure. I. 1 iig acetylcholine. 2. Weak stimulation of right 
vagosympathetic norvo in the neck. 3. Same. Spontaneous breathing, closed thorax. 

Time 10 see. 


e) Histamine. 

Histamine in a dose of 2 fig caused a moderate fall in pressure 
in one experiment. 


f) Vasopressin. 

This substance in a dose of 1 — 2 units caused a lasting but 
moderate increase of pressure. 


g) Cor amine. 

50 mg coramine, which caused a rise of the systemic blood 
pressure from 75 to 135 mm Hg, had no definite action on the 
pulmonary pressure. 
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blood expelled by the right ventricle is driven through the same 
organ, and for one common purpose, constitutes the paramount 
difference between the lesser circulation and the systemic blood 
flow. This also leads to different demands with regard to the pres- 
sure regulation within the two systems. The systemic blood 
pressure in the aorta and its main branches must be kept within 
rather narrow limits even at very great alterations in the general 
blood flow, and at the same time the distribution of the circulating 
blood must be regulated according to the greatly varying needs 
of the different organs. This is made possible by the cooperation 
of local factors inducing a dilatation of the arteries of the working 
organs, and an adaptation of the general tone of the arterial 
system to the prevailing conditions; As is 'well known, the tone 
exercised by the vasomotor centre is in its turn controlled by 
impulses from the baro- and chemoreceptors of the carotid and 
aortic regions. The function of the pressure regulation for the 
pulmonary artery also seems to serve the purpose of ensuring 
the necessary blood flow through the different parts of the lungs 
and of preventing too great a rise of the pressure. An increase of 
the blood flow is accompanied by a rise of the pulmonary arterial 
blood pressure, as is clearly illustrated by the results obtained 
after occlusion of the vessels to one lung. But, whereas in this 
experiment the blood flow is approximately doubled, the relative 
increase of the pressure is only about 20 per cent. This demonstrates 
the great distensibility of the pulmonary vascular bed. The observa- 
tion mentioned above, that the small extra pressure caused by in- 
jection of a few ml of Ringer’s solution in the pulmonary artery 
was followed by a definite and somewhat lasting fall of the pul- 
monary pressure, may also illustrate this distensibility. It will 
consequently be expected that an adaptation to muscular work 
will be possible with only a moderate rise of the pulmonary arterial 
blood pressure. This corresponds well with our results. The degree 
of oxygen unsaturation of the mixed venous blood (and its carbon 
dioxide tension) will also be of significance for the level attained. 
Since this factor already comes into play during ordinary rest, 
and to a greater extent during muscular work, the increase of 
pulmonary arterial pressure caused by the augmentation of the 
blood flow alone should be smaller than the one actually observed 
in our experiments. 

It is also required, however, that the blood becomes distrib- 
uted to the different parts of the lungs in such a way, that the 

23 — b6252b. Acta phys. Scan&inav. Vol. 12. 
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alveolar air will give off oxygen and fake up carbon dioxide' 
fairly evenly throughout the lungs. Mechanical factors, e. g. varia- 
tions in posture, will easily influence this distribution (cp. Rich 
and Follis 1942). If'thei blood flow becomes inadequate in rela- 
tion to the ventilation in some parts of the lungs, the corresponding 
alveolar air will become richer in oxygen and poorer in carbon 
dioxide than the rest of the lungs. But this will lead to a dilata- 
tion of the blood, vessels of that part of the lungs with a redistribu- 
tion of the blood as. a consequence. It is interesting to note that, 
oxygen want and carbon dioxide accumulation have exactly the 
reverse local effects on the vessels of the systemic and pulmonary 
circulations respectively; in both cases, however, they seem to 
be adapted for their special purposes. They cause a dilatation of 
the vessels of the working organs which need a greater blood 
supply than during rest, but they call forth a contraction of the 
lung vessels, thereby increasing the blood flow to better aerated 
lung ar.eas, which leads to improved conditions for the utilization 
of the alveolar air. This will also imply that oxygen breathing 
during muscular work will facilitate the blood flow through the. 
pulmonary vascular bed and allow a greater minute volume at a 
lower pressure, i. e. with less strain on the right heart. 

We have concluded, from our experiments that the increased 
pulmonary arterial pressure, during oxygen- want is due to a direct 
action on the pulmonary vessels — in- contrast to the correspond- 
ing effect on the systemic blood pressure which is' produced 
through the stimulation of the chemoreceptprs, whereas the direct 
action on the vasomotor' centre itself is depression. Accumulation 
of carbon dioxide', acts in the same direction as oxygen-want, 
though less pronouncedly. Probably the site of action is in the 
vessels- themselves, as : is th.e case with the placental vessels. 

The only evidence' we have obtained of a nervous control of 
the pulmonary blood, pressure consists of the rhythmical variations 
observed. It is also characteristic that the mechanisms described 
enable a regulation which seems to be. relatively independent of 
the simultaneous regulation of the systemic pressure. It is quite 
possible, however, that a certain connection exists between a 
nervous control of the pulmonary arterial pressure and the corres- 
ponding regulation of the systemic blood pressure, as indicated 
by the results obtained by Schwiegk (1935). 
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Summary. 

The pulmonary arterial blood pressure was recorded in anaes- 
thetized cats by' means of a special cannula, according to Mellin’s 
technique. In most experiments the thorax was closed and the 
animal was breathing spontaneously. 

The pulmonary arterial pressure in 9 experiments averaged 
23 cm water, or approximately 17 mm Hg, at an average systemic 
pressure of 132 mm Hg. The average ratio thus was about 1: 8, 
with the limits 1: 5 and 1: 14. 

Pressure variations of 1 — 2 cm blood synchronous with the 
breathing were regularly recorded. In one case, slow large waves 
of 1 — 2 minutes duration and about 5 cm amplitude were observed. 

Even great variations in the systemic blood pressure, elicited 
from the pressoregulating reflex mechanisms, were hardly accom- 
panied by variations in the pulmonary arterial pressure. 

During muscular work a moderate rise in pulmonary blood 
pressure generally occurred, greater when air was breathed than 
when oxygen alone was administered. 

Clamping the pulmonary-artery-to.one lung did not cause any 
change in systemic pressure (confirming Lichtheim and Tiger- 
stedt) but caused a moderate rise in pulmonary arterial pressure. 

Breathing of pure oxygen lowered the pulmonary arterial pres- 
sure and oxygen-lack raised it. Carbon dioxide 6.5 — 20.5 per cent 
in oxygen raised the pressure sligthly, but constantly. These 
effects were not influenced by vagotomy. 

The effect of injections of adrenaline, nor-adrenaline, acetyl- 
choline and histamine and of stimulation of pulmonary nerves 
were studied in some cases. 

The experiments seem to warrant the conclusion, that the 
regulation of the pulmonary blood flow is mainly mediated by 
a local action of the blood and alveolar gases leading to an 
adequate distribution of the blood through the various parts 
of the lungs according to the effeciency of aeration. 
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In the course of investigations into the function of the kidney 
with the subject in the erect posture we were able (see previous 
publications Brttn, Knudsen, and Raasciiou) by means of the 
inulin and diodrast clearances to make certain observations on 
variations in the renal function. The interpretations of these ob- 
servations have necessitated an endeavour to clarify the hydraulic 
laws governing the flow of colloidal fluids through tubes through 
whose walls proceeds a filtration of the water phase alone, and the 
laws applying to this filtration. 

Clarification of these laws would be of importance, not only 
to our understanding of the flow of fluids through the kidney but 
to all problems involved in the passage of water between the cap- 
illaries and the surrounding tissues. 

In the above investigations the glomerular filtration was de- 
termined as the inulin clearance and the blood flow in the kidneys 
as the diodrast clearance, and a calculation was made of their 
mutual proportions; this value indicates the proportion between 
the quantity of liquid filtered through the glomeruli and the 
volume of blood flowing through the kidneys. It is called the 

This investigation was performed with the support of Miss P. A. Brandt’s 
Bequest. 
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filtration fraction and is expressed as a percentage of the blood 
flow.. 

Below we shall make a brief recapitulation of the results of 
these investigations. 

When the experimental person was tilted from the horisontal 
to the passive erect posture, we found a distinct fall in the blood 
flow 'and a somewhat less marked fall in the glomerular filtration 
whereby the filtration fraction rose. However, simultaneously, 
with these changes in the renal function we found a number of 
changes' in the composition and pressure of the blood, changes 
which made it difficult to interpret the variation in the clearances. 

"We observed the following changes in the pressure and compo- 
sition of the blood: 1) Usually an increase of the mean blood pres- 
sure, 2) an increase of the plasma-protein concentration and with 
it an increase of the colloid osmotic pressure, 3) an increase in 
the cell volume of the blood. Furthermore, the viscosity of the 
blood rises as a consequence both of the higher protein concentra- 
tion and of the higher cell volume. 

Two possibilities suggest themselves in explanation of these 
changes in filtration, blood flow and filtration fraction: 1) They 
may be due solely to the observed changes in the blood pressure 
and composition, or 2) they are also due to changes in the calibre 
of vas afferens and/or vas efferens. 

These variations in the blood pressure and composition may, 
when the values of the two are in suitable ratio, cause changes in 
the blood flow values in the direction indicated by the results of 
the experiments, but in the present stage of our knowledge we 
cannot determine the total effect of these various factors. 

Consequently, it was necessary to decide upon some means of 
forming an idea of the effects of these factors. This was not all plain 
sailing, as in this instance Poiseuilles’ law, which is considered 
applicable to the flow in the minor vessels of the organism, cannot 
be applied to tubes generally; the law was both discovered and 
subsequently theoretically derived for Iaminary flow through 
impermeable capillary tubes (Poiseuilee 1847). In our case we 
are concerned with tubes that are highly permeable, for about 
20 per cent, of the inflow volume has left the capillary bed by the 
time it reaches the outflow. It is impossible to say anything a 
priori about the flow itself in such permeable tubes. 

As far as we can see from the available literature, the dis- 
cussion on glomerular-hydrodynamic problems has never touched 
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upon this particular aspect of the • glomerular vessels. Strictly' 
speaking, this is only natural, as it has not previously been pos- 
sible to operate with such well-defined values of the blood flow 
as is expressed by the diodrast clearance. 


Formulation of the Hydraulic Problem. 

We had now to tackle the problem of deducing the physical 
laws governing the laminar flow of colloidal solutions in semi- 
permeable tubes, which would enable us to calculate the pressure 
and flow at any point in the tube. Kinowing the flow value at a 
given point one can calculate the filtration up to that point by 
subtracting that flow from the flow volume at the inflow. 

These problems lay beyond the physical and mathematical 
horizon of the medical collaborators in this work, and therefore 
we approached Professor A. E. Bretting, who is professor of 
hydraulics at the Royal Technical College. He very obligingly 
and with great interest undertook to solve this purely hydraulic 
problem. At the same time we learned that it had seemingly not 
previously been dealt with in hydraulic literature. 

Deduction of the Hydraulic Laws for the Flow of Colloidal 
Fluids in Somi-Permenble Tubes. 

Fig. 1 is a schematic drawing of a semi-permeable tube having the 
radius r and the length L. Above the tube are pressure and fluid-flow 
curves. 

It is assumed that the fluid consists of a water phase of specific 
gravity y n containing protein in the colloidal state. The sp. gravity of 
the protein is put at y„. As the water phase alone permeates the wall 
of the tube, the protein concentration will vary at the different points 
on the tube. The sp. gravity of the solution at any point is indictaed by y. 

As the water alone can pass through the tube wall, there arises a col- 
loid osmotic pressure which reduces the effective filtration pressure. 
This colloid osmotic pressure is called k. It appears from works by 
Verney (1926) and Krogh and Nakazawa (1927) as well as from our 
own investigations, that with a falling protein concentration the col- 
loid osmotic pressure falls with it, but to a lesser degree. Thus, even if 
one cannot positively count upon direct proportionality between pro- 
tein concentration and colloid osmotic pressure, one may undoubtedly 
witbin certain limits presuppose a rectilinear variation of the colloid 
osmotic pressure with the protein concentration, so that within these 
limits we may put: 


k = k' -f a • m 
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where a is the protein concentration, here determined by the volume, 
and k' and m are constants of the same dimensions as k. 

If the absolute volume of protein flowing into the tube per second 



p ** Hydraulic pressure, 
k- Colloid osmotic pressure. 

Q* Flow of fluid: 

F - Filtrated volume 
r - Radius of the tube 
L* Length of the tube 

Fig. 1. 

is designated by a, this volume accordingly is constant throughout the 
length of the tube. The total flow at any given point being Q, the con- 
centration. here is: 

a 

a== Q 


( 1 ) 
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(?) 


We now consider an elementary part of the tube of the length dl. 
The fall (I) on the energy grade line may here be reckoned as being 
identical with the fall on the line of hydraulic pressure, the velocity 
heights being insignificantly small. 

T I d P 

y dl 

and 1 being the abscissa for a given point of the tube, r the tube radius 
and v the kinematic viscosity of the solution, which is assumed to be 
constant, for the laminary flow in the element (Poiseulles 3 law) we get 

n • g • r 4 1 dp 
8v y dl 


Q 


g = the acceleration of the gravity. 

We now introduce a relative abscissa, assuming that: 

1 


x = 


where L is the total length of the tube. 
With (4), (6) and (8) we then get: 


„ _ 
q Qo 


rr-gT^po'— k') 


dy 


8vQ 0 • L y b(l — p) dx 

With the help of (1) and (la), p may be rewritten as: 

p = ", where p 0 signifies 


( 8 ) 


.(8a) 


Po 


7b ~Yo 


y b 

inflow. 

We now find: 


> where y 0 is the sp. gravity of the solution at the 


If we insert: 


a . . __ ^g ,rl (Po— k') dy 

H ^ 8vy b Q 0 -L dx 


A = 


8r y b Q 0 L 


7tg- rl (Po— k') 
where A is a constant in a certain problem, we obtain: 

1 dy 


(9) 


• ( 10 ) 


'P° ~ A dx 


(9a) 


On differentiating (9a), p 0 being constant, we get: 

dq _ 1 d 2 y 

dx A dx 2 


( 11 ) 


The filtration is reckoned as being proportional to (p — k) and to the 
particular area of the tube wall on the length element dl. We write: 


dQ = — c ) 


•27rrdl 



hydrodynamics or semi-permeable tubes. 
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Tfere c is a constant, proportional to the coefficient of permeability 
of the material of the tube wall and inversely proportional to the wall 
thickness. We now presuppose that the thickness of the wall is grea 
in proportion to the diameter of the pores, so that the acceleration 
pressures may he ignored. 

With (2), (4), (5) and (8) we get: 


dq 

dx 


'Q 


(po 




-z) 


.( 12 ). 


With (10), (11) and (12) we get: 

B(y 


d*y 

dx 2 


■z) 


(13) 


where 


B - 


16 vcL 2 

g.lY 

is a constant. From (5a) and (2a) we get: 

Zo 


2o 

q 


1 dy 
A fe 


.(14) 


.(15) 


On inserting (15) into (13) we get: 

h z y t> 
d?- B 


z 0 


(*<r 


1 dy 

A dx 


. .(16) 


which is the differential equation for the flow of colloidal solutions in 
semi-permeable tubes. If we put z 0 = 0 we get: 


d 2 v 

d? 2 


B-y 


(16a) 


Po- A- 


, ds l 

dx 


which is the differential equation for the fiow of non-colloidal fluids 
in semi-permeable tubes. 

Equation (16) can easily be rewritten: 

( d l\ l{*Z\*\ 

si 1 d\\dxl J n / i 1 dv 2 

_ 2 — sr- 5 

On the right side of this equation the first member is very small in 
proportion to the others. Therefore with approximation iv e replace 

Jo I'dr (== tbe area between the pressure line and the axis of x limited 

tJr!ln; dimtC;S X T ° = s > with Vs (1 + y)y which corresponds 

to rectilinear variation of the pressure line on the said distance: It is 


• A-z„ 


(16b) 
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then easy to integrate the equation. By this means we obtain a 2nd 

dy 

degree equation for determining and find: 


& 

dx 


= A 


Ho- 


V 1 - 


B 


1— y 2 _ 2z 0 — fig (1 + y) \\ 

A 2 A I) ■ 


.(17) 


Expressed as a proportion of Q 0 the total filtration for the whole 
length of the tube is equal to the filtration fraction f. We have: 


Qo 

where q corresponds to x = 1. 
Erom (9a) we get for x = 1 

=ju g - 


f Qo Qi i 


,1/dy 

A\dx 


L 


Erom (17) w r e get to which corresponds y = y x ; 

-V 1 


3y 

<Jx/x = l 


A fi 0 


ml 

d 

2z 0 — Ho (1 + 7i)\\ 

A A 2 

A 11 


Then from (19) and (20) we get: 


(18) 


(19) 


(20) 


„ - \j\ -b(^’ - (21) 

Eor known pressures and known inlet flow the filtration fraction 
can be determined by (21) and (18). 

In addition to this q x formula we shall also set up a formula for y, 
the relative pressure. This can be done by integrating (17) by means 
of a development of functions. 

We insert: 


y = 1 + ftx + /? 2 x 2 -f &X 3 + (22) 

from which we get: 

^ = A + 2&x + 3&x 2 + ' • (23) 


If we insert (22) and (23) into (17) and collect the coefficients thus: 
x°, x, x 2 , x 3 . . ., and if we assume that each of these expressions is equal 
to 0, we arrive at formulae for the determination of /? x , p it P 3 , — On 
making this calculation we get: 


Pi a x A 

P 2 === ftgB 


B 4 B 3 

Ps = ^^ 3 + ^6^ + C 5 AB 2 


& = 



— b 3 A- B 


B 5 B 4 

ft = a « + b 6 — + c 6 B 3 


Pi u 4 


B 3 

A 2 


+ b 4 B 2 


( 24 ) 



tm'tvNiVK.omv or $KMJ-rns3m«r.B TimrA 
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where; 

B , * • 1 — l>* 

I'-t "" \(l-T r ) 
n s p * « ( 5 

t» 

W- ~(i — /M 




n a 


■r.* 


I*. - , -»■ 

<»•* j!, 0 < i ~ /**)* 


r. t 'l -r,) r 


iiM 




a, - < (10 Rf-Tj •*■ 12n,a, — ft,) 

(l 
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-;• ,y // eh , j 


(25> 


Jn?erting (2-1) into (22) wp gel: 

y rrr 1 — n,Ax + a,Dx s -j- a, ~ — b,AD j x 5 4* . . . .... (20) 


If vrc put x *■.■* 1, we get. y ^ y„ and thu* find the following ex 
prcfsion for v,: 



Wc nmy now lie. faced with the problem of determining the constants 
A and B which correspond to certain values of v, and q,. it. is imaginable 
that the data determining A and B cannot be measured direct. This 
problem is solved by means of the formulae (27) and (21). From (27) 
we determine correlative values of A, B and y,. Aided by for example 
n graphic illustration we find various sets of values (A, B) corresponding 
to the measures y,. These Rets of values can now he inserted into (21) 
until this equation gives the measured value of q,; we have then found 
the correct values of A and B. 

If the fluid flowing through the tube is a non-colloidal solution (water 
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for instance), it is the differential equation (16 a) that must be solved. 
Its complete solution is: 

y = CjCosxVB -)- C 2 • Sin x)'B 1 

where Ci and C 3 are arbitrary constants. 

If we insert the marginal conditions: 
for x = 0 is y = 1 and for x == 1 is y = y x , we get: 


C x = 1 and C 2 = 


^ which after some little converting gives: 


Sin lB 


Sin (1 — x) VB + y x Sin xVB 
Sin V'B 


.(28) 


Formula (9a) becomes for a — 0: 

«--i! < 29 > 

From (28) we get: 

^ 5=5 o Cos ^ — x ) VB 4- yxCosxVB) 

dx SmVB 

which, inserted into (29), gives: 

_ VB Cos (1 — • x) VB — y x Cos xVB 
q -T Sin V§ r 

Vb 

is determined by the fact that x — 0 must give q = 1; thus: 

VJ _ Si.VB (30) 

A CosVB — y x 
which on being inserted gives: 

_ Cos (1 — x) VB — y x • Cos xVB _ _ ( 31 ) 

Cos V B ' — y x 


For x = 1 we get q = q XJ thus: 


1- — y x CosVB 
Cos | B — ji 


(32) 


With the aid of formulae (28), (31) and (32) it is possible to clarify 
pressure and flow completely. 

When y x and q x have been determined by experiment, (32) may be 
employed for finding the value of B. B being known, A may be de- 
termined by (30). It is often possible to find all the values composing 

1 Cos and Sin are here employed-as expressions for the corresponding hyper- 
bolic functions. 
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A by means of direct measurement; in that case we have an excellent 
means of checking the correctness of the formulae, in that A determined 
by (30) and by direct measurement must agree. 

Thus we have now deduced the following formulae: 

1) Colloidal sohitions. 

q. » Vi-b(! 

y = 1 + /hx + /l.x 5 + 4~ • • * 

where § is determined according to formulae (24) and (25). 


2) Non-colloidal solutions 

: - 1 . — y-j Cos )'B 
Cos V'B — y t 

- s in (1 — x) KB + y) Sinx IB 
7 ~ Sin VB 


In these formulae: 

_ Q. v _ p -k' . 

T — n.’ y — u” 


ko — k' 


yb-yTo 


A _ md B _ 161^2 

«-g*r 4 (Po — k) g-r 3 


where 


Qo = the flow at the entrance 

Q = the_flow.at a given .point in the tube with abscissa 1 

p 0 = the hydraulic pressure at the entrance ' 

p = the hydraulic pressure at a given point with abscissa 1 

ko = the colloid” osmotic .pressure at the entrance 

L = the' length of the tube 

r = the. radius of the tube 

c = the coefficient of permeability of tube -wall 

yo = the specific gravity of the water phase 

k' = a constant, its significance being shown by formula (3). 

y 0 = the sp. gravity of the solution at the entrance. 

v — the mean value of the kinematic viscosity; 

It will be appropriate here to mention the prerequisites under 
which the formulae were deduced. 

1) It is assumed that the protein concentration and the col- 
loid osmotic pressure are inter-dependent as: k .= k' -f- am. 

2) The flow is assumed to be. laminar, i. e. Reynold’s number 
must be lower than 2300. (Reynold’s number: v x 2 x r/r 
(Reynolds, 1883), where v = velocity. 
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3) The kinematic viscosity 



where g = the acceleration 


of gravity, rj ~ the ordinary viscosity and y — the sp. gravity 
of the fluid) is assumed to be constant throughout the tube. If 
this pre-requisite is not entirely satisfied, we can with good 
approximation reckon with a mean value. 

4) The thickness of the tube wall is assumed to be great in 
proportion to the diameter of the pores, so that the acceleration 
pressures may here be ignored. 

5) The tube wall must be of such a nature that the coefficient 
of permeability c for the wall material is constant, and the dia- 
meter of the tube must also be constant. 

6) Structure viscosity means that the viscosity of a fluid changes 
with the pressure. In the present work it is not assumed that this 
is of any importance at the pressures likely to be met with (Boe- 
sen 1945). 


Model Experiments. 

We have now endeavoured to prove the validity of these laws 
by means of model experiments. 

Professor Rehberg very kindly placed an apparatus at our 
disposal (fig. 2) which was suitable for our purpose. 

The apparatus was constructed by Professor A. Krogh in 1918 
for dialysis experiments. It consists of four circular tin plates 
having a diameter of 1450 mm. On both sides of each plate is a 
spiral groove 1.48 mm deep and 3.95 mm wide. The plates are 
assembled with semi-permeable membranes between, thus forming 
two long spiral-shaped channels separated by the membranes and 
each having a total length of 10 m when the channels in the various 
layers are connected one with the other. The cross-section of the 
channels is rectangular. Each plate-system is connected by means 
of short rubber tubes, so that the filtrate or the fluid from which 
filtration proceeds may flow on into the following systems. The 
total length of the channel of each plate is 250 cm, and the filtering 
area is 100 cm 8 . The total area of the filtering surfaces is 400 cm 2 . 

Arrangement: The fluid flows to the apparatus under constant 
pressure. The inflow and outflow pressures are measured by means 
of open standpipes. The outflow pressure is regulated indepen- 
dently of the inflow pressure by an overflow device. The volume 
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Fig. 2. 
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of flow is measured in a finely graded burette, and tbc filtered 
volume in a horizontal capillary pipette. 

Membranes: For the experiments with water we employed mem- 
branes of factory-made parchment paper. 

For those with plasma we used collodium membranes; these 
were prepared by pouring 30 cc collodium solution (3 % col- 
lodium in ether-alcohol (1: 7)) into a metal ring (diameter 1640 
mm) lying on a horizontal, plane-ground glass plate. After allow- 
ing 8 minutes for drying the membrane was covered with distilled 
water, after which it was easy to disengage from the glass. This 
membrane is completely impermeable to protein. 


Correction of our formulae: Our formulae were all deduced for a cir- 
cular cross section, but it is easy to correct them according to Bous- 
sinesque so that they become valid for the rectangular cross section 
of the channels in the model (Boussinesque 1932). The only changes 
made are A and B, which receive the values: 


A = 

B = 


bh 3 g • (p 0 — k') 


1 (33) 

12 • v c • L 2 

i 

• (34) 

g-b 3 1 — 



Here b and h respectively mean the width and height of the rectangular 
cross section of the channel. It will be seen that A can be re-written 


where 0 = 


12 i'; 0 yb' B 
bh 3 -g 



and where v so expresses the kinematic viscosity of water at 20° C. 

We have made sure that the flow in the model is laminar, for Rey- 
nold's number reaches a maximum of about 20 in our experiments. 
The course adopted for the experiments is this: First a number of tests 
are made with water, and from these we determine A and B. A is found 
from the formula (33a). From formula (35) we see that 0 is an absolute 
constant, depending only on the dimensions of the model and the sp. 
gravity of the water phase. This constant can now be determined direct 
by measuring y c , L, b and h, and it can be found from the test results 
by means of formula (30). The two values of 0 thus arrived at must 
agree. 
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After the water tests we carry out a series with plasma. From the 
results we determine 33 by the formula (21), which is re-written to. 

B - 1 (36) 

Izzll 2z„ — ^(l +Y,) 

A- A 

For A we introduce here the expression (33a) with the constant 0 

determined by the water tests. It will now appear that — - is a constant, 

,7~° 

>20 

at any rate within the individual test series. 

Within the limit of protein concentrations in which our experiments 
were made, calculations have shown that without committing any 
error of importance we may put k' = 0. This also applies to the experi- 
ment described on page 341. 


The water tests. 

We made 13 tests with water at a temperature of about 20° C. Of 
these, 8 had an inflow pressure (p c ) about 1310 mm fluid column 
(FC), the remaining having p 0 = about 790 mm fluid column. 

Measures were taken of the pressures at the inflow and out- 
flow (p 0 and pt), the quantity of filtering water Q 0 — Q t ) and 
the flow at the outlet (QJ. 

The results were as follows: 


Test 

No. 

Po 

mm FC 

Pi 

mm FC 

Yi 

cc/Min 

Q, 

ce/Min 

H 

Qi 

1 

1312.5 

1297.6 


0.687 

0.477 

0.262 

0.748 

2 

1312.5 

1294.5 

0.987 

0.882 

0.726 

0.177 

0.828 

3 

1312.6 

1291.0 

0.985 

1.056 

0.904 

0.144 

0.856 

4 

1312.6 

1290.0 


1.000 

0.848 

0.162 

0.848 

5 

1312.0 

1270.0 


1.825 

1.676 

■ 

0.918 

6 

■ 

1230.0 

1 

3.72 

3.57 



7 

■ 


1 

9.58 

9.44 

0.0166 

0.984 i 

8 

1296.0 

1018.0 

0.786 

12.96 

12.80 

0.0113 

0.980 

9 

792.5 

770.5 

0.971 

0.727 

0.6S4 

WM 

i 

0.872 

10 

792.5 

766.0 

0.966 

1.271 

1.147 


0.908 

11 

792.0 

755.0 

0.962 

1.625 

1.480 

V 

0.937 

12 

789.0 

709.0 

0.894 

3.686 

3.60 

0.0245 

0.976 

13 

781.0 

624.0 

0.787 

7.6 1 

7.62 

0.0118 

0.988 
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According to the theory we have (32): q! = 1 — f = 


1 — y, Cos^B 
Cos — y x 


As will he seen, q x alone is a function of yi if B is constant. 
This is the case when the coefficient of permeability of the filter 
c and the kinematic viscosity y (the temperature) are constant. 

We have drawn f% 



(the filtration fraction) 
as a function of y x (fig. 
3). According to for- 
mula (32) the same 
function is calculated 
for various values of 
B. It has turned out. 
that B = 0.00276 
(Cos ]/B = 1.00138) 
agrees well with the 
results of the tests. It 
will be seen from the 
curve that the filtra- 
tion fraction rises very 
steeply as yi ap- 
proaches 1. When yi is 
in the vicinity of 1, the 
pressure determining 
the amount of filtra- 
tion (Q 0 — Qi) 
very nearly constant 
throughout the length 
of the tube, i. e. for 
all tests in which yi is 
near 1 the amount of 
filtration is fairly con- 
stant. However, it is 


the pressure difference that determines the flow itself, and 
this difference may vary within wide limits, whereby the flow 
is subject to considerable variation. From this it follows that 


the filtration fraction, f % = ~ X 100 will vary con- 

siderably when y t is near 1. When y t is somewhat farther away 
from 1 both filtration amount and flow will vary, so that the 
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filtration fraction decreases slowly with falling y Jt as the curve 
shows. The tests thus give: 

B = 0.0027G. 

Proceeding now to examine the value of A, making use of 
formulae (30) and (33a). According to (30) we find (B being 
small in proportion to 1, and as we can write Sin VB??^B): 


A = Cos VB — yi (37) 

If this formula is compared with formula (33a) we find: 

0=^^(Co S ^B- yi ) (38) 


Prom this formula 0 can be determined solely from the calcula- 
ted value of B and the measured pressures and flows. From 
formula (35) 0 can be determined solely from the measurement 
of y b and the dimensions of the model. As we require to introduce 
Q 0 in cc/min. and p 0 in mm fluid column in the two formulae, 
we must replace the factor 12 in formula (35) with 2. 

On calculating according to formula (38) (the water temperature 
in all the tests being about 20°) we find: 


Test 

No. 

10’ 9s Vis. 

Po V 

Jt 

A 

0 


0.486 

0.990 

0.011 

22.6 


0.671 

0.987 

0.014 

20.9 


0.806 

0.986 

0.016 

19.9 


0.762 

0.983 

0.018 

23.6 


1.89 

0.908 

0.083 

23.7 

6 

2.84 

0.988 

0.068 

22.2 

7 

7.25 

0.862 

0.149 

20.6 

8 

10.00 

0.786 

0.216 

21.6 

9 

0.917 

0.971 

0.080 

(32.7) 

10 

1.C08 

0.966 

0.085 

21.8 

11 

1.926 

0.952 

0.049 

(25.4) 

12 

4.67 

0.894 

0.107 

22.9 

13 

9.74 

0.787 

0-214 

22.0 
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When 0 is determined direct according to formula (35) we find 
the following, reckoning 

r 20 = 1.00 -10 -2 sq. cm/sec. 
h = 0.1475 cm 
b = 0.395 cm 
L = 1000 cm 
y b — 1.000 g/cc 
g = 981 cm/sec 2 

2 • 1 . 00 - 10 - 2 - 1 . 000 - 1.000 

(9 

0.395 -0.1475 3 - 981 

1 

192 0.1475J in 0.396 \ 1 /3n 0.395 \ 

1 ~ n s 0.395 l Tg \2' 0.1475/ + 3* Tg \ 2~’ 01475/ + 

The above table shows that the mean value of 0 is 22.0. The 
mutual deviation between the two values of 0 is easily explained; 
if the temperature of the water had been 19.5° for example, agree- 
ment would have been complete. An alteration of 0.22 mm in h 
would also have given the same result. Thus it must be said that 
the experiments with water provide handsome confirmation of 
the validity of the laws. 

The result was thus: 



B = 0.00276 

v Q. 

A = 22.0 -X — X n 

Po— k 


Plasma tests. 

Here four series of experiments were made, I, II, III and IV, 
with human serum with a protein concentration of 7 % in I, II 
and III. and 4.29 % in IV. 

The colloid osmotic pressure at the inflow (in Q 0 ) was measured 
according to Keogh (1936) and Krogh and Nakazawa (1st 
method (1927)). In tests I, II and III it was found to be 354 mm 
fluid column and in test. IV: 144 mm fluid column. 

The viscosity of Q 0 was measured by the method described by 
W. R. Hess. In tests I, II and III it was found to be 1.9 in relation 
to water at 26° C , and in test IV: 1.5 in relation to water at 26° C. 
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y b and y 0 were determined by weighing serum and protein-free 
ultra-filtrate of sequin in the pyknometer at 26° C. The following 
results were obtained: 

Test y h y 0 

I, II, III 1.006 1.028 

IV 1.005 1.018 

The results of the tests are tabularized below. 

B 

As will be seen, — in the test groups I, II and IV are very nearly 
v 

Vto 

constant, whereas for group III it is a somewhat lower value. 
Possibly this may be due to the error in measuring the colloid 
osmotic pressure having most influence on test III, in which the 
hydraulic pressure is lowest (see formula 36). 

Therefore, in our opinion the conclusion to be drawn from our 
model experiments with water and plasma is that the flow 'in our 
model proceeds according to the deduced formulae. 


Teat 

No. 

Po 

mm FC 

P. 

mm FC 

Qi 

cc/Min 

F 

cc/Min 

Qo 

cc/Min 

B 

n 

V 

I 1 

1463 

1369 

4.25 

0.778 

5.028 

mm 

IB 

2 

1458 

1112 

9.06 

0.358 

9.868 

B 

IPpjH 

II 1 

1463 

1412 

2.18 

■ 

2.820 


BM 

2 

1462 

1377 

3.97 


4.672 



3 

1461 

1298 

4.10 


- 1 



4 

1459 

1159 

7.80 

0.298 


lll§fB 


5 



1455 

955 


0.276 

13.276 

0.0116 


III 1 

703 

689 

1.16 


1.496 

ms 

0.0046 

2 


671 

2.18 


2.889 



3 

■111 

641 

■1 

0.151 

2.961 



4 

699 

556 

7.07 

0.181 

7.201 

WkM 


IV 1 


674 

3.28 

0.484 

3.664 

0.0080 


2 


654 

4.87 

0.438 

5.308 

0.0073 


3 

706 

596 

6.68 

0.286 

6.96 6 

0.0072 


4 

704 

427 

16.60 

0.288 

16.738 

0.0078 


5 

707 

673 

2.99 

0,473 

3.468 

0.0078 
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For tests I, 11 and III: 

! 

For test IV: 

A = 22.00 ^ = 36.1 — 

*10 Po Po 

1.005 — 1.028 

*» - 1.006 - -°- 023 

354 

z ° = T 

V Qn On ! 

A = 22.0 — 35 = 28.8 ~ 

’ 20 Po Po 

3.005 — 1.018 „ ; 

1.005 - ~°- 013 ; 

149 
= — 

Po 

1 ■ 

1 — q, a 1 

B ~ l — y, 2 2z 0 — (l + yd 

A a A 


All tests carried out at 26° C. 


Application of the laws to glomerular circulation. 

We shall now endeavour to apply to the glomerular circulation 
in the kidney the laws deduced above for the flow of fluids in 
semi-permeable tubes. Naturally, in transferring results obtained 
from experiments with a simple physical model to a circulatory 
system so complicated as the flow of the blood through the kid- 
ney, the outcome of one’s calculations must be judged with great 
caution. 

First, an account must be given of the presuppositions which 
had to be taken into account in order to be able to make the 
necessary calculations, and in this we must primarily refer to the 
presuppositions mentioned on page 331 as being necessary to our 
deduction of the laws. At this present stage we presuppose that 
the permeability is independent of any dilation of the glomerular 
capillaries; even if dilation should occur, Landis’s (1927) investiga- 
tions of the filtration through frog capillaries show that we must 
assume that normal dilated capillaries are not more permeable 
than contracted capillaries. 

The hydraulics of the kidney are further complicated by the 
fact that the circulating fluid contains a suspension of corpuscular 
elements, the erythrocytes. From an hydraulic point of view, how- 
ever, the laws of flow are not generally altered by the inter- 
mixture of such corpuscular elements. As Fahrasus and Lind- 
quist (1931) have demonstrated, when blood flows through tubes 
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of narrow calibre the blood corpuscles move along the axis of 
the tube, wherea^ there is a purely plasma layer out at the tube 
wall. One may say that actually the flow proceeds in a "plasma 
tube”. According to ICrogh’s observations (1936), this axial 
flow occurs in a capillary if .only the diameter is greater than the 
diameter of the erythrocytes. As the diameter of the glomerular 
capillary is twice that of.the erythrocyte diameter (according to 
Vimtrup), there are good reasons for supposing that the flow in 
the former is axial. This being so, we consider it justifiable to 
apply the deduced formulae, provided that we take into con- 
sideration the influence of the cellular elements on viscosity and 
specific gravity. 

In our calculations we assume that the capsular pressure in the 
Bowmann capsule remains constant on both horizontal and erect 
postures. The capsular pressure depends partly in the filtration, 
partly on the efflux through the tubules and therefore should 
perhaps be corrected for changes in the filtration; this, however, 
we have not done. 

It is also presupposed that the radius of the glomerular capil- 
laries is the same in the horizontal as in the erect posture. 

Furthermore, it is presupposed that the number of glomeruli 
functioning is the same in the two postures. 

In the course of our model experiments with plasma we observed 
that the permeability of the collodium membrane decreases at the 
commencement of a test and only gradually becomes constant, a 
phenomenon which must be interpreted as the gradual choking 
up of membrane pores with protein. The natural assumption is 
that there are similar variations in the obstruction of the pores 
of the glomeruli, which represents another complication in the 
evaluation of the function of glomerular capillaries. 

Here we shall quote a concrete experiment from one of our 
earlier publications (1945). The individual was first placed in the 
horizontal posture, in which the inulin clearance was 122 cc/min. 
and the diodrast clearance 572 cc/min. The plasma-protein con- 
centration was 7.91 %. He was then tilted to a passive erect 
posture of -f- 40°, when the inulin clearance fell to 84 cc/min. 
and the diodrast clearance to 320 cc/min., whereas the plasma- 
protein concentration rose to 8.49 %. There was no change in the 
blood pressure. The viscosity of total blood rose from 28. 9 sec. 
to 30.8 sec. The specific gravity of whole blood was determined 
with the pyknometer at 1.058 (y 0 ), whereas that of the water 
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phase was determined on a protein-free ultrafiltrate at 1.010 
( Yb )• 

We shall now try whether, with the aid of the new laws and our 
experimental results, anything can be deduced regarding pres- 
sures and the manner in which these are altered in glomeruli in 
the erect posture. Our task is to decide whether the observed 
changes in the pressure and composition of the blood alone can 
explain the observed decreases in filtration and renal plasma flow, 
or whether we must also assume that changes take place in the 
diameters of the inflow and outflow. 


Eirst, the horizontal posture. 

All the terms being the same as in the foregoing, the following values 
can be given: 

Measured values: 
y 0 — 1.058 g/cc 
y b == l.oio g/ec 

Q 0 = 572 cc/min. = diodrast clearance. 

Qi = 450 cc/min. = diodrast ‘clearance — inulin clearance. 

Before we can make the calculations we must also know the hydraulic 
and colloid osmotic pressures. These are not measured; according to 
current theories p 0 is put at 60 mm Hg and k 0 at 24 mm Hg. We reckon 
with a capsular pressure pc, which we put at 12 mm Hg. This capsular 
pressure diminished all the effective pressures by its value. In con- 
formity with a work by Smith, Chasis, Goldring and Banges (1940), 
we furthermore assume that in the horizontal posture there is pressure 
balance at the end of the capillary, i. e. we assume p, — p u =k 1 . Whether 
this assumption is correct or not we cannot say positively, but we shall 
revert to the question later. We now have: 

Estimated values: 


p 0 = 60 mm Hg. 
p c = 12 mm Hg. 
k 0 = 24 mm Hg. 
Pi — Pc = k t . 


We are now able to calculate the following values: 

Vb — Vo 1.010 — 1.058 

/io = — = ; = 0,0475 

r yb 1.010 

k 0 24 

Z 0 = — = — — = 0, 5 00 


Po — Pc 60 

Qi 450 


■12 


’■-qi-OTa- 0 -'" 

f =1 — q! = 0,213 

Z 0 0,500 
y 1= = zl = - = 


0.787 


= 0,035 



a 5 = 0 . 000521 
b 5 — 0. 0007 4 
c s — — O.ooou 
a 8 = 0.0005G5 
b s = 0.000845 
Cg r= —0.00272 
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From the formula (25) we can calculate the coefficients a, b, c . . . 
according to which it is possible to calculate A and B by the method 
described on page 9. We find: 

a x = 1.0475 
a, = 0.25 
a 3 = 0.0417 
b a - 0. 1740 
a 4 = 0. 00521 
b 4 — 0.0422 

According to formula (27) we have: 

J t — 0.G35 =jl— 1.0474 a| + |o.25 — 0.174 Ga| B +- | — 0,0417 ^*-j- 
+0.0422— 0.00014 a|b* + 0.00521-^ + 0.00675^- — 0.00272|b 3 + 

+ |(), 000521 •— + 0.0C0845 B* + j().O0O5C5 ~j B 3 +- . . . 

and, according to formula (21), as: 

1 — Jl*. = 1 — 0,035* = 0,597 
2z fl — fl 0 (1 +Yi) = 2*0.5 +0.0475 (1 + 0.635) = 1.078 


„ 1 L -n/0.597 1 .07 8 \ 

4 -o,T«i-yi-B(- 3 j — A -) 


From these two equations with the two unknown A and B we now 
ind that: 

A = 0.405 B = 0.380 

On introducing these values A and B into equation (26) we find: 
P = 48 (1 — 0.424 X + 0.0075X 2 — 0.0432X 3 + 0.00453X 4 + 0,000G05X S + 
+ 0,oooi47x“ . . .) mm Hg 
1 dy 


Ab q = /i 0 


A dx 


we find: 


Q = 572 (1 — 0.481 X + 0.32 X 2 — • 0.0423 X 3 — 0. 007 X* — 
— 0 . 002 x 5 + . . ) cc/min. 

2 

As z = the colloid osmotic pressure may now be calculated: 


k ~ 


24 


1 — 0.481X +0.320X 2 — 0.0423X 3 — 0.007X 4 — 0.002X 5 + . . 


mm 


Hg. 


Curves representing capsular pressure, colloid osmotic pressure and 
hydraulic pressure are plotted in fig. 4 in continuous lin es. 

We now proceed to examine the passive erect posture and what changes 
this alteration in the posture may bring about in the pressures. Here 
we have observed certain changes in v , Q 0 and y 0 as well as in the protein 
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Pressure curves of a sin ate glomerular capillary In the horizontal 



concentration, and through these in the colloid osmotic pressure. "We 
now provide all the expressions associated with the horizontal posture 
with the index 1 and the standing posture with s. We find: 


Vs 

Vl 


1.062 


pos 60 

Pol 60 
Qos 320 
Q^i~ = 572 


l.oo 


0.5GO 


= 1.0735 

k 0 i 

Yob _ 1.062 
7ol ~ 1-058 


1.025 


On calculating for the horizontal posture we found: 
Al =.0.405 Bi = 0. 39 o 


Recollecting the formulae (10) and (14) we may now write: 



being reckoned as being equal to 1. Thus we find: 

As = 0.4 05 • 1.062 *0.560 • — - — = 0.241 

1.00 

Bs = 0.3 90 • 1.062 


= 0.414 
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Furthermore, we can. calculate: 


Zot 


kos\ / Pol 

kol / \PoS 


: 0.5- 1.0735 = 0.537 

1.00 


—felte) 


lyb/W 

From the experiments we find 

inulin clearance , 

qia = 1 — -=r-r r — * = j 


1 —1.0475-1.025 = — 0.072 


8-1.4 

'320 


diodrast clearance 
By re-writing wc how get from (21) 

1 — tpis 1 y> 2z 0 s— •/<o^(l * 4* ^ i*i) 

B s A 8 ‘ Ah 


0. 7 30 
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This is a 2nd degree equation for the determination of yi». If the equa- 
tion is solved with reference to yi 5 wc get: 

yis = 2 /'osA-3 +^/ /* 03® -As* + (l -jj" (1 qiH 1 ) A b (2z oh /fo«)j 


In the right side of the equation all the values arc known, and we get 
on inserting: 

y lB = — 0.000 -f- Vl — 0.140 • 0.458 — 0.241 (1.074 -f 0.072) — 0.804 
We have for zi 8 


z ° s _ 

% “ 0.73C 


0.730 


A s and B s being known, we can calculate the coefficients of x in 
equation (26); we then find: 

y = 1 — 0.258X -f- 0.0950X 5 — 0.0473X 3 -f- 0.00240X 4 + 0.00312X 8 -f- 
-4-0.00170X* + . . . 


q = 1 — 0.742X + 0.548X 2 — 0.0371X 5 — 0.0002X* — 0.0387X 5 + . . . 

_ The expression for q is not particularly exact for x-values in the 
vicinity of 1, and therefore we must here employ the exact expression 
cLy 

(9a) with ^ introduced according to (17). For this case too fig. 4 shows 

curves for the hydraulic and colloid osmotic pressures. For the erect 
posture the pressure curves are plotted in stippled lines. 

Fig. 4 thus shows the course of the hydraulic and colloid osmotic 
pressure curves through a single glomerular capillary, it being 
assumed that for the horizontal posture there is filtration-pressure 
equiponderance at the capillary terminal, as assumed by Smith 
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and. co-workers (1940). Pig. 4 also stows the course of the same 
curves in the passive erect posture; here it will be observed that the 
colloid osmotic pressure curve is displaced upwards as a conse- 
quence of the higher protein concentration. As the mean blood 
pressure in this experiment did not change, we estimated no 
change in the initial hydraulic pressure. It should he remarked 
particularly that at the outlet of the glomerular capillary the 
hydraulic pressure is now greater than the colloid osmotic pressure, 
which means that there cannot be pressure equiponderance in 
the passive erect position. Finally, one notices that the hyd- 
raulic pressure at the outlet of the capillary is greater in the passive 
erect posture than in the horizontal. This increase of pressure can 
only be explained as being due to the contraction of vas efjerens 
in the erect posture. It is impossible to decide whether simul- 
taneously there are changes in the tone of vas afferens, as we know 
nothing of the absolute value of the pressure fall between the 
aorta and the beginning of the glomerular capillary. Begulation 
of vas afferens is no necessary explanation of the experimental 
results, but it cannot be precluded. 

We shall now turn to a discussion of the values that have not 
been measured, viz. the hydraulic and colloid osmotic pressures 
at inflow and outflow. Had we employed other and equally plaus- 
ible values for these pressures, this would not in principle alter 
the result of our calculations. 

If instead of assuming that there is pressure equiponderance 
at the terminal of the capillary in the horizontal posture we had 
assumed that this equiponderance had not yet set in, it is still 
farther off than ever in the passive erept posture, so that we can 
still demonstrate a pressure increase at the terminal of the glo- 
merular capillary. 

Now had we assumed that pressure equiponderance in the hori- 
zontal posture had occurred at a point before the end of the cap- 
illary, we should have to assume that the pressure curves ran 
parallel in their further course. Under this assumption equipond- 
erance in the erect posture will occur at a point nearer the end of 
the tube than in the horizontal. 

As was stated, we have reckoned with an experiment in which 
the blood pressure did not rise in the erect posture. If it had, we 
should have been obliged to assume a still greater change in the 

diameter of vas efferens in order to explain the clearance changes 
observed. 
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Conclusion. 

The result of the calculations is that the clearance changes ob- 
served cannot have been caused solely by general changes in the 
pressure and composition of the blood, but that a contraction of 
vas efferens must simultaneously be assumed. A regulation of 
vas afferens is not necessary to explain the results of the experi- 
ments, but it cannot be precluded. Furthermore the probability 
is made evident that if pressure equiponderance occurs in the 
horizontal posture, it does not occur in the erect posture. 


Summary. 

1) In some experiments on the renal function in the horizontal 
and erect postures the authors observed certain changes in the 
inulin clearance (glomerular filtration) and the diodrast clearance 
(renal blood flow) which, compared with the changes occurring 
in the erect posture in the pressure and composition of the blood 
(colloid osmotic pressure, cell volume and viscosity), necessitated 
penetrating into the problems of glomerular hydrodynamics. 

2) The hydraulic problem is the following: What laws govern 
the laminar flow of colloidal solutions in semi-permeablc tubes? 

3) Formulae are deduced for flow, filtration, hydraulic and 
colloid osmotic pressure in a semi-permeable tube perfused by 
a colloidal solution. 

4) The validity of the formulae for water and plasma is proved 
by model experiments. 

5) The formulae are employed for calculating the results of a 
concrete experiment made to determine the renal function in the 
passive erect posture. From these calculations the authors plot 
the course of the hydraulic and colloid osmotic pressures in a 
glomerular capillary for horizontal and erect postures. 

The course of these curves shows that a contraction of vas 
efferens must take place in order that the observed simultaneous 
changes in the inulin and diodrast clearances and in the composi- 
tion and pressure of the blood may occur. 

The authors wish io express to Professor, Dr. phi . ] . Bkandt- 
Rehberg their gratitude for inspiring discussions and valuable 
assistance. 
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Explanation of symbols. 

a = the protein, volume enetering per second at the inflow of the tube. 
a a = auxiliary value for the calculation of /?. (Formula 25). 

A = fundamental calculation constant. (Formula (10). 
b = width of channel cross-section in model. 
b n = auxiliary value for calculating fj. Formula (25) 

B = fundamental calculation constant. Formula (14). 

C = coefficient of permeability of tube wall. 

C a = auxiliary value for calculation of /3. Formula (25). 
f% — filtration fraction. 

F = the absolute filtration quantity for whole tube length. 

FC= Fluid Column. 

g = acceleration of gravity. 

h = height of channel cross-section in model. 

I = Fall on the hydraulic pressure line, 
k = the colloid osmotic pressure at a given point of the tube. 
k 0 = the colloid osmotic pressure at the inflow. 

1 = abscissa for any point of the tube. 

L = length of tube. 

m = factor of proportionality between protein concentration and 
colloid osmotic pressure. 

p = the hydraulic pressure at a given point of the tube. 
p 0 = the hydraulic pressure at the inflow. 
p c = capsular pressure. 

q = fluid flow at a given point of the tube in relation to the flow at 
the inflow. 

q t = fluid flow at the outflow of the tube in relation to that at the in- 
flow. 

Q = fluid flow at a given point. 

Q 0 = fluid flow at the inflow, 
r = radius of tube. 

x = abscissa for a given point of the tube in relation to the entire 
length of the tube. 

y = the hydraulic pressure at a given point of the tube in relation 
to the pressure at the inflow. 

yx = the hydraulic pressure at the outflow of the tube in relation to 
the pressure at the inflow. 

z = the colloid osmotic pressure at a given point of the tube in rela- 
tion to the hydraulic pressure at the inflow. 
z 0 = the colloid osmotic pressure at the inflow in relation to the 
hydraulic pressure at the inflow. 
a ~ the protein concentration at a given point (by volume), 
ao = the protein concentration at the inflow (by volume). 
ft = coefficients of x in a series determining y-formula (22). 
y — the sp. gravity of the solution at a given point of the tube. 
y a — the sp. gravity of the solution at the inflow. 
y a — the sp. gravity of the protein. 
yb = the sp. gravity of the water phase. 
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7 / — the absolute viscosity. 

fi — Calculation value. Formula (Gn). 

* ex?? 

j' — the kinematic viscosity of the solution. ~ ~ g ~ gravity accele- 
ration, 7 ; — the relative viscosity. 
r.o — the kinematic viscosity of the water at 20° C. 

0 = the calculation value having an influence on the calculation of 
the water tests. Formula (35). 


Litorataro. 

Boesen, C. E., Koinisk Mnanedsblnd. 10-15: No. 3. 

Boussinesque, W. Wien, Sc. F. Harms, Hnnclb. Experimentalphysik. 
1932. IV: 4. 14G. 

Brun, C., E. 0. E. Knudsen and F. Raaschou, Acta mcd. seand. 
1945: 122. 315. 332. 

FAjiiueus, B., and T. Lindquist, Amcr. J. Physiol. 1931. 96. 5G2. 
Krogh, A., The Anatomy and Physiology of Capillaries. London 1936. 
Keogh, A., and F. Nakazawa, Biochem. Z, 1927. 1SS. 241. 

Landis, E. M., Amcr. J. Ph 3 *siol. 1927. 82. 217. 

Poiseuille, Ann. Chim. Physique. 1817. 3. Ser. T. 21. 

Reynolds, 0., Phil. Trans. Boy. Soc. 1883. 

Smith, H. W., H. Chasis, W. Goldring and II. A. Ranges, J. Clin. 

Invest. 1940. 19. 751. 

Vekney, E. B.j J. Physiol. 1926. 61. 319. 

Yimtrlt, B., cit. Krogh, A., The Anatomy and Physiology of Capillaries. 


25 — ' 162524 . Acta phys . Scandinav . Vol . 12 . 



From the Laboratory of Zoophysiology, University of Copenhagen. 


On the Influence of the Neurohypophyseal 
Principles on the Sodium Metabolism 
in the Axolotl (Ambly stoma mexicanum). 

By 

C. BARKER J0RGENSEN, HILDE LEVI and HANS H. USSING. 
Received 20 Angnst 1946. 


Introduction. 

The ability of many fresh -water animals to take up certain ions, 
especially Cl - and Na + , from the surrounding medium has been 
well established, mainly by the work of Krogh and his collab- 
orators (Krogh 1939). 

The uptake may take place through the gills (fishes), through 
special organs (mosquito larvae) or through the whole surface 
(frog); in species where this mechanism of salt uptake is well 
developed (frog, goldfish) ions may be taken up even from 0.01 
millimolar solution, the salt thus being concentrated about 10,000 
times on the passage from the medium into the blood of the animal. 

This mechanism is regulated: Krogh (1937 a) found that frogs, 
which had lost salt during a several days’ stay in repeatedly 
renewed water, take up NaCl eagerly when placed in dilute NaCl- 
solutions, whereas frogs which had not lost salt do not show any 
net uptake of salt under similar conditions. 

Other forms investigated, whether insect larvae (Koch 1938) 
or fishes, behave in the same manner (Krogh 1937 b, 1938). 
There can thus be no doubt that the rate of uptake is regulated 
according to the requirements. However, the regulation mechanism 
has hitherto attracted but little attention. 
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At the start of the present study of the regulation of the salt 
metabolism, three possibilities out of many were considered, viz. 

1) Chemoreceptors in the nervous system are influenced by the 
concentration of the ions in question and regulate the activity of 
the ion transporting cells through nervous action. 

2) Under the influence of the ions the supposed chemoreceptors 
induce the formation of a special hormone or hormones which, 
in turn, sets the pace of the ion transporting cells. 

3) Changes in the concentration of the ions in question act 
directly upon the ion transporting cells so as to induce appro- 
priate changes in the uptake. 

Since for different groups of animals adaptation to limnic lif- 
has evidently taken place independently, the regulation mechane 
ism need not necessarily be identical in all forms. The present 
study was performed on one species only, namely the axolotl. 
It was decided to begin the investigation with the second of the 
above mentioned assumptions, the hormonal regulation, because 
general considerations show that animals frequently use hormones 
rather than direct nervous action when a stimulus is to be applied 
during longer periods. 

As a matter of fact, the first hormone preparation tested — a 
posterior lobe extract from ox — had a pronounced effect on the 
salt uptake in the axolotl; the present paper deals with this in- 
fluence of the posterior lobe principles on the uptake of sodium 
and chlorine in the axolotl. 


Methods. 

During the experiments each animal was kept in a glass chamber 
of the type shown in Fig. 1 containing 200 — 300 ml 1/50 — 1/150 frog’s 
Binger solution. 

The liquid is kept circulating by a constant stream of moist air 
entering through the tube A and escaping through the aperture B, 
thus also renewing the air in the space above the liquid. (This is of 
importance because the animals have an auxiliary mouth cavity 
respiration.) 

The samples for analysis are drawn through B. 

Badioactive sodium chloride was added to trace the absolute move- 
ments of ions into and from the animal. 

The experimental animals were fully grown (unmetarmorphosed) 
3 — f years old specimens of axolotl ( Amblystoma mexicanum ) weighing 
between 65 and 103 g. When not in experiment, they were kept in stone 
ware jars with tap water and were fed with calf’s liver. 
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Eig. 1. Experimental chamber containing an axolotl. The liquid is kept circulating 
by means of an air stream entering the washing bottle through the inlet A. Samples 
drawn through the aperture B. 


About a fortnight prior to the experiments, the feeding was sus- 
pended in order to allow the animals to empty their guts; without this 
precaution the tubes of the circulation system might be plugged with 
feces. 

Chlorine was determined according to Schnohr (1934) on 1 ml samples. 

For sodium determinations the method of Hoffman and Osgod 
(1938) was used in a slightly modified form. The aqueous samples — 
usually 8 ml each — were evaporated to dryness on a steam bath in 
centrifuge tubes, using a special hot air evaporation apparatus (see 
Schmidt-Nielsen 1945) to speed up the drying process. Ashing was 
omitted in view of the very low content of organic matter in the circu- 
lating medium. 8 ml zinc uranyl acetate reagent were added to each 
tube and thorough mixing was secured by using a mechanical stirring 
set handling twelve analyses simultaneously. From this point, the anal- 
yses were performed as outlined by Hoffman and Osgod (1. c.), except 
for the use of the mechanical stirrer after every addition of washing 
fluids. 

Since the sodium concentrations often were considerably lower 
than those for which the original method was worked out, a calibration 
curve was applied where the concentration was plotted against photo- 
meter readings between 0 and 0. 4 //equiv. of sodium. The calibration 
curve is shown in Fig. 2. 

Geiger-Muller counters were used for the radioactive measurements. 
The samples — usually 0.5 ml of the solution — were transferred to 
aluminium dishes by means of a Krogh syringe and were evaporated 
to drpiess in an electric oven- at 105 ° C. The dishes were greased with 
vaseline on the edges in order to prevent creeping of the solution during 
the drying process. 

In a few experiments with radio-chlorine, 20 //mol of inactive NaCl 
were added to each sample and the Cl was precipitated with an excess 
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Fig. 2. Calibration curve for the colorimetric sodium determination. 


of AgNOa. After washing, the precipitate was transferred to counting 
dishes. 

Radioactive Na and Cl were prepared in the Copenhagen cyclotron 
by deuteron bombardment of NaCl. The Na* countings were postponed 
until the very short living Cl* had faded away. 

As the preparations generally contain traces of Cu* from the copper 
target (the plate carrying the NaCl during bombardment), the solution 
of the irradiated NaCl was treated with charcoal in order to remove 
traces of heavy metals. 

The decay of the labelled Na was followed in most cases and was found 
to agree with the half-life period of sodium stated in the literature. 


Calculation of the Passage of Ions. 

The experiments were performed with very dilute solutions, viz. 
1 — 3 millinormal with respect to sodium and chlorine. On the other 
hand, the concentration of these ions in the blood of the animals is about 
100 millinormal, so that diffusion out — in the classical sense of the 
word — will proceed 30 — 100 times faster than diffusion in. Relative 
to the rate of active uptake, diffusion may therefore be neglected as 
a cause of disappearance of radioactive ions from the solution. The 
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equations for the rate of active uptake derived in the following are 
based on the assumption that the ions leaving the animal (by diffusion 
or with the urine) do not carry with them any significant amount of 
radioactive ions. This assumption is permissible if the outer activity 
of the medium is not allowed to decrease too much during the experim- 
ental period. The total amount of sodium ions in the animals being 
much higher than the total amount in the surrounding medium, the 
active ions taken up are diluted with the large amount of inactive ions 
inside the animal. 

On the assumptions mentioned previously, the active uptake of a 
given ion may be calculated as follows. The relative radioactivity per 
unit volume may be denoted as y and the total amount of the ion in 
question as A. 

The rate of active uptake, i. e. the amount of the ion in question 
which passes into the animal per unit time is whereas the rate of 


decrease of the activity is ^ . 

Since the ion absorbing cells cannot distinguish 
inactive ions, we have 

_dy 

dt _ y 

"di A ‘ ‘ * 

dt 


between active and 


( 1 ) 


or 


di 


_dy 

dt 

y 


di 

dt 

A 


( 2 ) 


^ is not necessarily equal to the rate of change in A, because the 


animal may excrete the ion in question so that A even may increase 
with time. An infinitesimal change in A in whatever direction during 
an infinitesimal time is, however, immaterial for the validity of (2). 

If the rate of active uptake, is taken as a constant during the 


di 

experimental period, we may replace -j - by the constant U and thus 

ciu 

obtain 


dy U 

dt A } 


(3) 


For our purpose, it may suffice to consider two cases, viz. (I) A = con- 
stant and (II) A is increasing or decreasing at a constant rate. 

For A = constant, we get 

A 




y = y 0 e a or U = 


■ log - ■ 
t log e y 0 


(4) 



SODIUM METABOLISM IN THE AXOLOTL. 35& 

Insertion of the known values of y, y 0 , A, and t gives the rate of active 

uptake U. , 

If a net uptake or excretion of the ion has occurred, we muBt Bub- 
divide the experiment in periods during which this net change proceeds 
at an approximately constant rate, B, where B is positive when the 
quantity of the ion in the medium increases. 

We have 

A = A 0 + Bt (5) 

Inserting (5) in (3) we get 

( 6 ) 

dt J A* -(-Bt 
Solving this differential equation we get 

y = J",CA.-B t > + K (?) 

where K is an integration constant, or 

y = e K (A 0 — Bt) (8) 

inserting the values for the time t and the starting moment (designated 
j 0 and Ao), we get 

yt eK(A ( 1 -Bt) L 7 B _At U/B , Q) 

a? /b u 

From (9) we get (10) 

log — 

U = B f (10) 


directly leading to the rate of active uptake, U. 

As mentioned above, these equations no longer hold if significant 
amounts of radioactive ions are retransferred from the animal to the 
solution. Therefore, the equations have only been applied without 
correction if the activity of the outer solution had decreased by less 
than 50 % of the starting activity. 

In cases where the rate of active uptake had to be followed over a 
longer period, the principle of the experimental technique was to in- 
crease the activity of the outer solution whenever the ratio-Na content 
within the animal approached relatively significant values. After every 
change of the solution to one of say 5 — 10 times higher activity (but 
nearly the same Na-concentration), the inner activity again becomes 
insignificant. 

In the tables, the rate of active uptake is expressed in microequiva- 
lents taken up per 24 hours even in cases where the experimental period 
has been shorter than 24 hours. The true excretion, E, including both 
the amount diffused out and that excreted with the urine, is determined 
as E= U -f B. 
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Results. 

1) Net Changes in the Sodium and Chlorine Content o) Normal 
Animals. 

In many cases, normal animals have been kept in the chambers 
for weeks in order to follow spontaneous changes in the Cl- and 
Na-content of the animals. In the media used (containing 1 — 3 
millimolar NaCl) the salt content of the animals may remain prac- 
tically constant for days and even for weeks (cf. Fig. 3). Often, 




Fig. 3 (A, B, C). Spontaneous uptake and excretion of chlorine. The axolotls are 
kept in diluted frog’s Ringer. The arrows indicate renewal of the medium. 
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however, spontaneous changes, ?. e. both a net uptake and a net 
loss of salt were observed, which may last for several days (Fig. 

3 B, C). The highest rate of spontaneous net uptake of salt noticed 
is 150 pmol/24 hours for sodium and 154 /< mol/24 hours for 
chlorine. However, even values of about 100 /imol/24 hours are 
met with only in few cases. The highest rate of net salt loss ob- 
served was 181 pmoI/24 hours (Gl) and 106 p mol/24 hours (Na). 
In the case of the highest Cl-loss the Na-loss has not been de- 
termined. 

For our hormone-experiments some animals have been excluded, 
viz. those which had shown a pronounced tendency to spontaneous 
reactions during a preceding period. 

In most experiments to be described in the following, normal 
periods lasting for one or several days are presented in the figures. 
These comparison periods give good evidence that the spontaneous 
fluctuations in the Na- and Cl-content as a rule are small compared 
with the hormonally induced changes. 

2) The Absolute Values for Sodium Uptake and Excretion in 
Normal Animals. 

Using radio-sodium as an indicator, the uptake and the excre- 
tion of sodium have been determined on 17 normal animals, 7 
females and 10 males. Altogether 61 determinations have been 
made. Fig. 4 shows the distribution of the determinations divided 
into classes differing by 25 pequiv./24 hours. It appears that more 
than 80 % of the determinations fall between 25 — 100 pequiv./day. 
The mean value is 68.7 ± 4.2 pequiv./day. The corresponding 
distribution of the excretion determinations is shown in Fig. 5. 

The mean of the daily excretions is 94.6 ±5.3 pequiv./day. 
These values might indicate a tendency of the animals to lose more 
salt than is taken up while they are kept in the chambers. The loss 
may perhaps be due to the fact that the animals starve and, 
therefore, lose in -weight on an average 0.45 g or about 0.5 % per 
day. The net loss of sodium is approximately 20 pequiv./day. 
If the total content of sodium is taken to be 2000—5000 pequiv., 
cf. p. 366 the salt loss corresponds very well to the loss in weight. 

In one case, a group of four animals gave quite aberrant values 
for the uptake and excretion, the uptakes varying from 120 — 290 
pequiv. per day, and the excretions being correspondingly high. 
It is, however, doubtful whether these animals should be regarded 
as normal, because by an accident they were submitted to a 
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Fig. 4. Normal sodium uptake per- Fig. 5. Normal excretion of sodium 
24 h in axolotls weighing from 65 per 24 h in axolotls weighing from 65 
to 103 g. to 103 g. 


period of insufficient oxygen supply just at the beginning of the 
experiment. On other occasions we have seen that want of oxygen 
induces a rapid loss of salt which, when oxygen is again supplied, 
is followed by a rapid uptake. The group in question was there- 
fore rejected in the calculation of the mean uptake and excre- 
tion. 

3) The Influence of Unfractionated Neurohypophyseal Extracts 
on the Salt Equilibrium. 

A female axolotl, weighing 96 g, was kept in 1/80 Einger solu- 
tion for four days without showing any net uptake or excretion 
of chlorine. Subsequently, 0.25 ml Pituin (corresponding to 2.5 
international units of neurohypophyseal hormones) was injected 
subcutaneously and the animal was placed in 300 ml 1/80 Einger. 

It appears from Fig. 6 that this injection — after a transient 
small loss — resulted in a pronounced uptake of Cl” which lasted 
for more than two days. The Cl-concentration of the solution 
decreased from 1.60 to 0.70 mequiv. Then, the excretion began 
to exceed the uptake, and this continued until the animal had lost 
more Cl than it had taken up after the injection. . 

The experiment was repeated with practically the same result. 
Thus, neurohypophyseal extracts obviously influence the Cl 
content of the axolotl. However, it remained to be settled whether 
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Fig. G. Influence of Pituin (unfractionated extract of the neurohypophysis) on 
the balance of chlorine in the axolotl. Net uptake and excretion in /<cquiv. Diluted 
frog’s Ringer renewed at the arrows. At arrow 1, injection of 0.25 ml Pituin (2.5 

int. units). 

this net uptake was due to an increased uptake or to a reduced 
loss. Moreover, it liad to be found out which of the physiologically 
active principles or hormones of the neurohypophysis was res- 
ponsible for tbe action observed. 

4) Influence of the Pressor Fraction. 

Injection of 0.25 ml of a pressor preparation (Insipidin), cor- 
responding to 5 pressor units, called forth reactions which were 
quite similar to those produced by Pituin. Fig. 7 is typical of the 
Insipidin reaction. The changes of the Na + and Cl - were followed. 
Both ions are given off to a small extent in the course of the first 
6 hours after injection; subsequently, a more or less rapid uptake 
sets in, which lasts for three to six days and is followed — just 
as it was the case with Pituin — by a loss of salt lasting for several 
days. The more protracted course of the Insipidin reaction may 
be due to the lower temperature, 15° —17° C, compared with 
23° — 24° G in the case of the Pituin experiments. 

In the first part of the curves (Figs. 6, 7, 8) gain and loss of 
lSa + and Cl are plotted, using the content of these ions in the 
animals at the start of the comparison period as a basis; in the 
second part of the curves the basis is the content at the moment 
of injection. 

The moments when the solutions were changed are indicated 
with arrows. In a few cases, doses smaller than 0.25 ml Insipidin 
have been injected. 0.05 ml gave a just perceptible reaction. 
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Days 

Pig. 7. Influence of Insipidin (pressor principle of the neurohypophysis) on the 
balance of chlorine and sodium in the axolotl. Net uptake and excretion in /iequiv. 
At tho arrow, injection of 0.25 ml Insipidin (5 int. units) and renewal of diluted 

frog’s Ringer. 

5) Influence of the Oxytocic Fraction. 

On all animals tested, injection of the oxytocic fraction pro- 
duced a rapid net loss of sodium and chlorine. An example for the 
effect of the injection of 0.25 ml Pitupartin (corresponding to 
2.5 international units of oxytocic principle) on axolotls is given 
in Pig. 8. Sooner or later, the loss is followed by a net uptake, in 
some cases restoring the initial salt content of the animals. In 
two cases (out of c. 20), the animals did not recover after the 
injection of Pitupartin. They continued to lose salt (interrupted 
in one case by a short period of intense uptake) and, finally, they 
died, possibly as a consequence of the salt loss. 

6) The True Uptake and Excretion of Sodium after Insipidin 
Injection. 

The experiments described above show that a net uptake of 
salt is induced by the pressor fraction, whereas the oxytocic frac- 
tion induces a net salt loss in the axolotl. 

In order to decide to what extent these changes of the salt con- 
tent were due to changes of the active uptake and, moreover, 
to what extent alterations of the salt excretion were responsible 
for the observed phenomena, the true movements of the sodium 
ions were followed by means o’f radio-sodium. 




SODIUM METABOLISM IN THE AXOLOTL. 


361 



Fig. 8. Influence of Pitupartin (oxytocic principle of the neurohypophysis) on 
the balance of chlorine and sodium in the axolotl. Net uptake and excretion in 
peqttiv. Diluted frog's Ringer renewed at the arrows. At the arrow, injection of 
0.25 ml Pitupartin (2.5 int. units) and renewal of diluted frog’s Ringer. 


In Table I the uptake and excretion of sodium during the last 
24 hours prior to an Insipidin injection are compared with the 
corresponding values for the first 24 hours after injection. The 
uptake increased "by 200 %. The excretion, however, increased 
by about 100 %, the net gain thus being about 100 % of the normal 
daily uptake. 

As mentioned above, Insipidin injection as a rule produces net 
loss of sodium and chlorine during the first 6 hours’ period. This 
loss is due to an increased excretion (in any case with respect to 
sodium) whereas the active uptake is already increased, although 
not sufficiently to balance the rapid loss (see Table II). 

Table II also shows that the active uptake is still very high 
in the second 24 hours’ period after injection, in which the ex- 
cretion has decreased to normal. The rate of net gain is, therefore, 
at its maximum about 24 hours after the injection. 
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Table I. 


Effect of Insipidin on uptake and excretion of sodium. 


Experi- 

ment 

No. 

wequiv. Na taken up 
per 24 hours 

% increase 
in Na- 
uptake on 
Insipidin 
injection 

/<equiv. Na excreted 
per 24 hours 

% increase 
in Na-ex- 
cretion on 
Insipidin 
injection 

before 

Insipidin 

injection 

after 

Insipidin 

injection 

before 

Insipidin 

injection 

after 

Insipidin 

injection 

■| 


275 


153 

■n 

64 

II ... 


191 


107 

■■ 

— 11 

in ... 


324 


41 


295 

IV ... 

79 

205 

160 

57 

78 

37 

v ... 

66 

174 

164 

47 

133 

183 

VI ... 

50 

246 

390 

80 

245 

206 

vn ... 

61 

173 

173 

98 

173 

77 

Mean 

76 

227 

200 

83 

162 

95 


Table II. 


Effect of Insipidin on the uptake of sodium. 


Experi- 

ment 

No. 

/<equiv. Na taken up per 24 hours 

before 

Insipidin 

[injection 

first 6 h 
period after 
Insipidin 
injection 

second 24 h 
period after 
Insipidin 
injection 

II 

55 

200 

292 

ni 

122 

133 

242 

IV 

79 

160 

250 

V 

66 

63 

116 

VI 

50 

192 

346 

VII 

61 

160 

186 

Mean 

72 

151 

239 


7) The True Uptake and Excretion of Sodium after Pitupartin 
Injection. 

Just as it was the case -with Insipidin, Pitupartin during the 
first 6 hours after injection produces an increase in the uptake as 
well as in the excretion of sodium. This is clearly seen from Pigs. 
9 and 10. Whereas in the case of Insipidin the augmentation of 
the excretion vanishes very soon, the opposite is the case after 
Pitupartin injection. The uptake decreases to normal values or 
even lower, whereas the excretion remains very high for several 
days. 
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Fig. 9. Influence of Pitupartin on the true uptake of sodium in the axolotl. At 
the arrow, 0.25 ml Pitupartin was injected. (Mean of three animals.) 



Fig. 10. Influence of Pitupartin on the true excretion of sodium from the axolotl. 
At the arrow, 0.25 ml Pitupartin was injected. (Mean of three animals.) 


The animals show considerable deviations as to the span o£ 
time required for recovery after a Pitupartin injection; but the 
essential point in the reaction is evidently an increased excretion 
rather than a decrease in the active uptake. 

5) The Influence of Salt Injections on the Sodium Turnover. 
The “ Pricking Effect”. 

Whereas Krohg’s experiments have shown that a reduction of 
the salt content of fresh water animals induces an increased uptake 
of salt, no experimental evidence has hitherto been collected as 
to the question whether an increased salt content will depress 
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tlie active uptake. Thus, when we got a group of animals showing 
an unusually high spontaneous sodium turnover (cf. above p. 8), 
it was -decided to increase their salt content by injection of a 
hypertonic salt solution in order to find out whether this would 
depress the active uptake of sodium. 

The immediate result of the salt injection (0.5 ml 1.8 % NaCl) 
was in all cases a sudden increase lasting for about 6 hours. Then, 
the values for the uptake became similar to those before the in- 
jection, but within the span of time in which the active uptake 



Pig. 11. Influence of injections of hypertonic NaCl-solution on the true uptake of 
sodium in the axolotl. At the arrow, 4 % NaCl was injected. (Mean of four animals.) 



Pig. 12. Influence of injections of hypertonic NaCI-BoIution on the true excretion 
of sodium in the axolotl. At the arrow, 4 % NaCl was injected. (Mean of four animals.) 


was followed with radio-sodium, there was but little indication 
of a depression of the active uptake below the initial values. The 
excretion showed a similar transient increase immediately after 
the injection. 

The experiment was repeated with four normal animals. Two 
of them received 1 ml 4 % NaCl and two 0.5 ml 4 % NaCl. Nig. 11 
reveals that the most pronounced effect of the salt injection is 
the brief increase in sodium uptake. 

The influence of salt injections on the sodium excretion is shown 
in Nig. 12; here, too, the injection of NaCl was immediately fol- 
lowed by an increase of a few hours’ duration. In one of the animals 
receiving 1 ml 4 % NaCl the initial increase was lacking. This, 




fjequ/ v. Na 


SODIUM METABOLISM IN THE AXOLOTL. 


365 



Fig. 13. Influence of pricking of the 
skin on the true uptake of sodium in the 
axolotl. At arrow 1, the animals were 
pricked with an injection needle; at ar- 
rows, 0.25 mllnsipidin was injected (cf. 
the text below). (Mean of four animals. ) 



Days 

Fig. 14. Influence- of pricking of the 
skin on the true excretion of sodium 
from tho- asolotl. At arrow 1, the 
animals were pricked with an injeotion 
needle; at arrow 2, 0.25 ml Insipidin 
was injected. (Mean of four animals.) 


however, is the only case out of 12 where salt injection did not 
bring about a shortlasting rise of salt excretion. 

In this connection, it should be emphasized that the excretion 
values are calculated as the sum of the uptake and the absolute 
increase in outer concentration and, thus, are encumbered with 
a greater uncertainty than the values for the uptake. 

The net result of the simultaneous changes in uptake and 
excretion is insignificant. The animals . may even continue to 
gain sodium and chlorine after the injections. 

These experiments seem to disprove the assumption that the 
concentration of sodium or chlorine ions iri the body fluids de- 
termines the rate of active uptake through a direct action of the 
ions on the transporting cells. Moreover, the experiments suggest 
that the injection itself, independent of the substance injected, 
may induce a brief, but intense increase in uptake as well as in 
excretion of sodium (and, probably, chlorine as well). 

The next experiment was made in order to check whether the 
mere introduction of the injection needle suffices to induce the 
supposed pricking effect (transient increase in uptake as well as 
in excretion), and, moreover, to compare this effect with, that of 
Insipidin. (See Figs. 13 and 14.) 

The pricking effect was found to occur in all four cases both 
with regard to the uptake and to the excretion, although the 
reaction was not equally marked in all animals. The difference 
between the reaction to pricking and to Insipidin injection is very 
conspicuous, especially when the uptake is considered. The In- 
sipidin reaction is stronger and much more protracted than the 
pricking effect. 

26 — 462524. Ada pJiys. Scandinav. Vol. 12. 
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9) Estimation of the Sodium Content of the Experimental Animals 
hy Isotope Dilution. 

Radio-sodium may be used to determine the sodium content of 
the animals without killing them. The following experiment may 
illustrate the procedure applied. 

A male, axolotl, weighing 96 g, received a 0.25 ml Insipidin 
injection to speed up the active uptake of sodium. The animal 
was placed in 250 ml 1/80 Ringer containing radio-sodium of known 
activity. The changes in activity and in Cl-concentration of 
the solution were followed by analysing small samples taken daily 
over a longer period. The animal took up the larger part of the 
chlorine (see Table III) and the activity decreased to 4.5 % of 
the initial value. On the fourth day of the experiment, the animal 
again showed a net loss of salt and on the fifth day the outer 
concentration of Cl - and Na + had increased above the starting 
level. This means that from that time practically all sodium 
present in the solution originated from the animal and, thus, was 
bound to contain radio-sodium in the same proportion as the 
sodium inside the animal. Before the animal was placed in the 
chamber the activity per /zequiv. Na in the solution was 65. G; 
after the lapse of 5 days the corresponding figure was 4.34, when 
a small correction is made for the decrease in relative activity 
due to the removal of the samples. In other words, the sodium 
originally present in the solution has been diluted with 14 times 
its quantity of sodium from the animal. The sodium content of 
the animal was, therefore, 340 X 14 = 4760 pe quiv. at the be- 
ginning of the experiment. 


Table HI . 1 


Hours after 
addition 
of Na* 

1 

Relative Na* 
activity 
per ml 

Na cone, 
milliequiv. 

Cl cone, 
milliequiv. 

Volume 

0 

100 

1.50 

1.54 

227 

18 

49.9 



1.48 

227 

42 

10.8 



0.55 

224 

65.5 

4.5 

— 

0.37 

221 

90 

7.S 

1.85 

1.15 

218 

113 

13.9 

3.21 

2.48 

195 


* For explanation cf. the text above. 
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Discussion. 

The experiments presented in the experimental part show a 
pronounced effect of the neurohypophyseal principles on the salt 
metabolism of the axolotl. 

The pressor principle (represented by Insipidin) induces a net 
uptake of sodium and chlorine, whereas the oxytocic principle 
(represented by Pitupartin) induces a rapid salt loss. 

The application of radio-sodium revealed that both net uptake 
and net loss are rather complex processes, being the resultants 
of changes in true uptake ns well as in excretion. 

Considering in the first place the Insipidin reaction, we have 
an increase in excretion as well as in uptake during the first 6 
hours after injection. This effect on the excretion first seemed a 
serious obstacle, if the pressor principle was to be regarded as 
having a physiological function in the regulation of active salt up- 
take. There is, however, good reason to believe that the transient 
increase in the excretion is not due to the pressor principle itself. 

As mentioned above, the injection of a salt solution or even the 
mere pricking of the skin of the animals induced a quite similar 
transient increase in both the excretion and the uptake of sodium. 

Moreover, it is well known that even the best pressor principle 
preparations are not free from oxytocic principle (cf. Kamm et. al. 
1928) and the strong action of oxytocin on the excretion might 
well be perceptible even in doses, say 10 times smaller than those 
used to investigate the oxytocin action. 

Similarly, we may probably regard the increase in excretion 1 
as the main result of the injection of oxytocic principle, whereas 
the transient initial increase in uptake might be a pricking effect, 
perhaps combined with the action of a minor amount of pressor 
principle present as impurity in the Pitupartin used. 

In this connection it is of interest that oxytocin seems to in- 
duce an increased excretion of chlorine in the mammalian kidney 
(cf. Dicker and Heller 1946). It is not unlikely that in the 
axolotl, too, oxytocin acts upon the kidney tubules so as to 
reduce the readsorption of chlorine and sodium. Experiments are 
planned, however, to distinguish between renal excretion and 
salt loss through the skin. 

It is doubtful whether oxytocin itself has any effect on the 


1 In the present paper, the word excretion has been used in a broad sense, 
including renal excretion, excretion through skin glands, and loss by diffusion. 
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active uptake; as soon as more material is available it is our 
intention to resume this problem on account of its significance for 
the question whether the active uptake through the skin is of the 
same nature as the active reabsorption of salt in the kidney tubules. 

As mentioned above, salt injection has little effect on the active 
uptake of sodium, apart from the pricking effect. Although the 
experiments are too few to give safe evidence, they are very much 
against the view that the concentration of salt in the body fluids 
directly determines the activity of the salt transporting cells. 

The pricking effect, however, shows the importance of a nervous 
factor. The increase in active uptake found after salt injection 
cannot be an adequate reaction to an increase in the salt con- 
centration of the body fluids. 0 n the other hand, it resembles to 
some extent the release of antidiuretic hormone in dogs after 
injuries to the skin (Rydin and Verney 1938, O’Connor and 
Verney 1942) or in rabbits after irritation of the lumbal vertebrae 
(Haterius 1939). Haterius found that this release of the anti- 
diuretic factor disappeared when the connection between hypo- 
thalamus and pituitary was cut. 

If it is assumed that the pricking effect is due to a simultaneous 
release of both neurohypophyseal factors, it would be intellig- 
ible that the skin injury induces an increase in uptake as well 
as in excretion of sodium. Further experiments are needed to 
elucidate this problem. 

In the foregoing, we have spoken of neurohypophyseal prin- 
ciples and not of hormones, because it is still an unsettled problem 
whether the neurohypophysis produces one or two hormones. 
Although much evidence is in favour of the view that the pressor 
and the oxytocic principle are formed as such in the gland (cf. 
Irving et. al. 1941) several investigators still hold that only one 
hormone is formed, the pressor and oxytocic principles being 
artefacts. 

It will be difficult, however, to evaluate the importance of the 
neurohypophysis for the normal osmoregulation in the axolotl 
before it is known whether the principles injected in the described 
experiments are true hormones. The problem may be still more 
complicated because, as was first observed by Brunn (1921), 
neurohypophyseal extracts contain a factor which increases the 
permeability of amphibian skin to water. This factor is most 
abundantly present in the oxytocic fraction, but is probably not 
identical with oxytocin (Heller 1941). 
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The Brunn effect is pronounced in toads and frogs, but insig- 
nificant in Urodela (cf. Heller 1945). In the axolotl, we have 
observed increases in weight of about 4 — 5 % on Pitupartin in- 
jection. The Brunn effect thus is of no importance for our results; 
but the presence of the Brunn factor reminds of the possibility 
that more than the known factors may be found in neurohypo- 
physeal extracts. 

The rate of active uptake of radio-chlorine has been followed 
only in a fe\v cases and, due to the short half-life of this isotope, 
the results are not as exact as those obtained with radio-sodium. 
We can only say that no fundamental difference in the rate of 
uptake of the two ions has as yet been found. It is intended, how- 
ever, to repeat the experiments with an improved technique. 
Krogh (1937 — 38) has given good evidence that, in frogs and 
other fresh water animals sodium and chlorine may be taken up 
independently; it w’ould be of importance to verify this view by 
means of isotopic indicators and especially to find out whether 
the process of taking up sodium and chlorine may be regulated 
independently by hormones or by other means. 

Experiments are going on to test the influence of the hormones 
from the adrenal cortex on the active uptake of ions, and later it 
is planned to test other physiologically active substances. It is 
our hope that the knowledge gained along this line will be helpful 
not only to throw some light on the osmoregulation, but that it 
also will further the study of the relation between the different 
organs showing an active transport of ions. In vertebrates, active 
transport of sodium and chlorine is known to occur in the gut 
(cf. Visscher et al. 1944), and the kidney tubules, and in water 
living forms through the skin or the gills. Moreover, an active 
out-transport of sodium seems necessary in striated muscle and, 
probably, in most types of cells (Krogh 1946). 

One way of testing the relation or non-relation between these 
mechanisms would be to study their reaction to physiologically, 
active substances known to act on one of them. 

However, much work has to be done before we' can hope to 
approach these interesting relationships. Even as regards the in- 
fluence of the neurohypophyseal hormones on the transport of 
ions, the present study represents little more than the presenta- 
tion of the problems, whereas such important items as the de- 
pendence between dosis and reaction and the effect of removal 
of the pituitary will have to be treated later. 
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Summary. 

1) The active uptake of sodium from dilute solutions of sodium 
chloride by the axolotl has been studied with radio-sodium. The 
mean rate of uptake was found to be 68.7 ^tequiv. per day. The 
daily, excretion of starving animals was found to be somewhat 
higher, viz. 94.6 ^equiv. 

2) Injection of Insipidin, a pressor preparation from the neuro- 
hypophysis, induces a net uptake of sodium and chlorine lasting 
for several days. 

Studies with radio-sodium revealed that the net uptake is due 
to an increased active uptake (the increase amounting to 200 % 
of the normal sodium uptake), whereas the excretion is not de- 
pressed. Indeed, an increase in the excretion lasting for several 
hours after the injection was always seen. 

3) The oxytocic principle, represented by the preparation Pitu- 
partin, induces a rapid net loss of sodium and chlorine lasting for 
2— 5 days. This loss was found to be due to an increased excretion, 
whereas the active sodium uptake was practically unaffected, 
apart from a short increase in the rate of uptake immediately 
after the injection'. 

4) The injection into the animals of hypertonic sodium chloride 
solution calls forth an increase in the active uptake as well as in 
the excretion of sodium. After a few hours, both uptake and 
excretion as a rule returned to the normal level. The mere intro- 
duction of the injection needle produced a quite similar reaction. 
This pricking effect is easily distinguished from the pressor 
principle reaction on account of the short duration of the former. 

5) The results are discussed and it is concluded that the tran- 
sient increase both in excretion after Insipidin and in uptake after 
Pitupartin may be due to the pricking effect, so that the pressor 
principle may be assumed to act upon the active salt uptake only, 
whereas, the oxytocic principle mainly (or only) increases the rate 
of the salt excretion. 

The authors wish to express their sincere thanks to Professor 
A. Krogh for his active interest in our work with radioactive 
indicators and for the inspiration he has given with his studies 
of the ion transport and the permeability of the cells. 

Our cordial thanks are also due to the head of the Institute, 
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Gad-Andresen, Director of the Gea Ltd. Sir. Schmidt-Jensen, 
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concerning the treatment of the animals. 

The radio-sodium and radio-chlorine were prepared in the Co- 
penhagen cyclotron. "We wish to extend our gratitude in the first 
place to Professor Niels Bohr for his very great kindness and 
never failing support and, moreover, to cand. mag. 0. Lassen 
for his readiness to provide us with numerous radioactive samples. 
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In most of the investigations carried out by Thunberg’s enzym- 
atic method for determination of the Ci content in biological 
material (Thunberg 1929, 1933), the theoretical basis for the 
method has only been mentioned parenthetically. As a change, 
moreover, of late has taken place in our conception of this basis, 
a more precise statement for it would now be appropriate. 

The decolourating effect on the methylene blue (= Mb), which 
under anaerobic conditions appears when Mb and Ci (Ci = citric 
acid or citrate) is added to a cucumber-seed extract, was in the 
beginning interpreted from the simple assumption that one had 
here to deal with a chemical “threebodysystem”. Accordingly 
the system was considered being composed of only a donor sub- 
stance (citric acid), a specific dehydrogenase (citrico -dehydrogen- 
ase), and an unspecific hydrogen acceptor (Mb). The process taking 
place in the system was assumed to consist of activation of a 
hydrogen group in the citric acid under the influence of the 
citrico -dehydrogenase and the reaction of the activated hydrogen 
group with Mb, which thereby under decolouration is transformed 
into leulro-Mb. 

This decolouration has, however, proved to be the result of a 
more complicated series of processes than first believed. 

The possibility and necessity of a new interpretation of the 
Mb-decolouration, when Ci is added to the cucumber-seed extract, 
was presented by AVagner-Jauregg’s and Rauen’s demonstra- 
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tion that isocitrie acid has just as strong, if not stronger decolourat- 
ing effect than Qi on the cucumber-seed extract to which Mb 
is added, fn contrast to Gi the isocitrie acid has a configuration 
that without difficulty permits the stating of a formula for its 
dehydrogenation. According to the formula the isocitrie acid is 
transformed into a-ketoglutaric acid, a substance whose character 
of metabolite has long been asserted. Finally, in the interpretation 
of the decolouration process one had to pay attention to that 
there is no dehydrogenase, active on cictric acid, in a cucumber- 
seed extract. 

The problem about the hereby working mechanism has been 
solved by Knoop, Martius, Jacobsohn, Krebs and Johnson. 
(But see also Ochoa 1945). The primary effect is due to the pres- 
ence in the cucumber-seed extract of an enzyme with the power 
of transforming Ci into isocitrie acid. The enzyme has received 
the name aconitase because the transformation takes place under 
formation of aconitic acid (cis-aconitic acid). It is a water-trans- 
porting enzyme, analogous to the fumarase discovered by Bat- 
telli and Stern. Under the influence of the enzyme an elimina- 
tion of a water molecule from the citric acid with formation of 
aconitic acid takes place first, whereupon water is again introduced 
to the aconitic acid, but on another part of it. Isocitrie acid, an 
isomere to citric acid, is formed in this way. If any of the com- 
ponents of the system citric acid — isocitrie acid — aconitic acid in 
a solution is under the influence of aconitase, the others are formed 
too and an equilibrium is established in which cictric acid is as- 
sumed to be present with about 80 per cent, cisaconitic acid with 
4 per cent, and isocitrie acid with 16 per cent. The result of this 
enzyme effect on citric acid is a corresponding formation of iso- 
citric acid. As the latter is dehydrogenated, additional isocitrie 
acid is formed in proportion. A determination of the isocitrie acid 
formation gives therefore simultaneously a value of the actual 
quantity of citric acid. 

One may consequently from a certain point of view consider 
the citric acid in biological material as a reserve store that is mob- 
ilized in the form of isocitrie acid and as such is consumed. 

It is now very near at hand to believe that the simple scheme 
of a biological threebodysystem, which has originally been em- 
ployed in order to explain the Mb-decolouration, could still be 
used, if only isocitrie acid is introduced as donor substance in- 
stead of citric acid. Under the influence of an isocitrico-dehydro- 
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genase a hydrogen group from the isocitric acid then should be 
transferred to Mb, which in this way should be decolourated. 

But here, too, the conditions were found to be more complicated. 
Further studies have proved that this new system, too, for the 
Mb-decolouration must be completed by co-ferment Warburg 
and by en enzyme belonging to the group of yellow enzymes (the 
flavinenzymes), probably represented by v. Euler’s diaphorase 
or a substance closely related to the latter. These substances direct 
the metabolism in the following way. 

Under the influence of the isocitric acid-dehydrogenase a hydro- 
gen group in the isocitric acid is mobilized and is forced over to 
co-ferment Warburg under the formation of the latter’s reduc- 
tion form. This form of co-ferment Warburg is now attacked by 
the flavinenzyme mentioned, which activates one of the hydrogen 
groups of the co-ferment. Only in this way does the hydrogen 
obtain the power to react with Mb, which is then decolourated 
and changed into its leukoform. . 

This way of explaining the transfer of the hydrogen group repre- 
sents the opinion of M. Dixon, and accordingly attributes to co- 
ferment Warburg the character of a specific hydrogen-acceptor. 
But it is also possible to regard the isocitrico-dehydrogenase as 
an apoferment, which does not obtain the character of a liolo- 
dehydrogenase and consequently the ability of activating hydrogen 
until the co-ferment is added. 

Whether one looks upon co-ferment Warburg as a specific 
hydrogen-acceptor or as a complement to an apodehydrogenase, 
a formation of leukomethyleneblue takes place to the same degree 
as citric acid is added. And the amount decolourized methylene 
blue can be used as a measure of the amount of citric acid added 
to the system. 

In Thunberg’s Mb-method a citric acid determination is in 
practice built on the setting up of two curves. One, the “standard 
curve”, is constituted by the decolouration times in their depend- 
ence upon added, known quantities of Ci, the other, the “x-curve” 
is formed by the decolouration times obtained by varying quanti- 
ties of x-solution. As equal decolouration times represent equal 
quantities of Ci, the Ci-values for the different points on the 
x-curve are obtained by the projection of these points on the stan- 
dard curve. 

By means of this method useful for very small quantities of 
citrate one has discovered citric acid in several substrates which 
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have been inaccessible to not so sensitive methods. Thus it is 
now known that practically all animal fluids and tissues have a 
more or less high content of citric acid. 

When Sjostrom in 1937 launched the citrate-analysis of human 
blood-serum as a diagnostic method for some liver diseases this 
aroused quite a lot of interest in the cictric acid metabolism among 
clinicians in Scandinavia. In the course of investigations in this 
way evoked, the method was made more sensitive, and a survey 
over its sources of error and the means to eliminate them was 
begun. Uncertainty still prevails, however, on different points. 
This holds e. g. good for the dependence on muscle 'work. Certain 
observations exist indeed. Lehmann found muscular work in- 
crease the citrate content of serum but on the contrary Lovgren 
found a marked reduction of it. 

The investigation, the result of which is set out in this paper, 
aims at carefully find out this influence and in this way get the 
necessary basis for fixing the conditions, when one has to draw 
blood-samples for diagnostic use. 

The investigation aims also to give an answer to the question 
which citrate values may be considered normal for a healthy 
person under certain standard conditions. — About this question 
are not quite corresponding opinions. Different authors find values 
between 15 — 28 y Ci per ml serum. The Ci-value refers then to 
the acid with crystal water. (Mol.-W. 210,13. Dor reduction to 
acid free from crystal water one must multiply with 0,9143.). 

Thunberg’s method is, however, positive also for iso-citric acid. 
It would under such circumstances be more just to substitute the 
expression “citric acid” with some designation wdiich summarized 
the both substances directly or indirectly responsible. It is, 
however, uncertain if isocitric acid exists in blood-serum. If 
there is no isocitric acid in the serum, the pentabromacetone 
method which does not react on isocitric acid ought to give 
lower values for the “citric acid” content in serum than the 
enzymatic method. 

But such a difference between the result of the enzymatic 
method and the pentabromacetone method has not yet been proved 
with certainty. The enzymes, which participate in the forming 
of the equilibrium system (citric acid — isoaconitic acid — isocitric 
acid) are intracellular enzymes, and there is no proof that a cor- 
responding equilibrium system exists in blood serum. Acknow- 
ledging the desirableness that the different elements of the system 
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are kept apart when, determined one may consider it fully author- 
ized for the present to denominate them “citric acid”. 

The cucumber-seed extract which is used as reagent on citric 
acid contains also an enzyme which is specific for ethyl-alcohol, 
an “alcohol-dehydrogenase” (Thunberg). Without being able to 
compete with the decolourating effect on Mb of citric acid de- 
hydrogenase it asserts itself by an alcohol content in the blood of 
1: 1000, and it will in this case add its decolourating effect to that 
of the citric acid dehydrogenase. If one wants to obtain a clean 
citric acid value, the consumption of alcohol ought then to be 
avoided by the subjects. 

Serum has been obtained of blood taken by puncture of the cubi- 
tal veins, because this blood is considered to correspond as much 
as possible with the arterial blood. 

In a preparatory investigation the ci-values were stated of 6 subjects, 
who had to appear in the laboratory early in the morning and before 
having taken any food. Here they had to lie and rest for one hour before 
a blood sample was drawn. It appeared that of these 6 subjects, 5 had 
Ci-values between 27 and 33, that is to say in the npper edge of or above 
what in the laboratory had usually been regarded as normal. Only one 
subject had a clear “normal value”. The mean value for these 6 samples 
was 29. 

Now one had to take in consideration the possibility that the subjects 
already through the relatively insignificant “muscle-work” of getting 
up, dressing, walking or cycling to the institution etc. had reached a 
citrate-value which had not returned to the rest-value through an hour’s 
rest. A certain psychic strain on the subjects may have had an effect 
here too. 

In order to eliminate these sources of error the experimental con- 
ditions were altered in the following way: A first blood sample (A) 
was drawn from the subject early in the' morning while he was still 
in bed. Then the subject had to get up and dress and walk or cycle 
to the laboratory, a distance of about 2 km., where a second blood 
sample (B) was drawn about 1 hour after sample A. Then the subject 
had to lie down and rest for 1 — 2 hours before the third and last sample 
(C) was drawn. 

The experiments were carried out on an empty stomach on subjec- 
tively healthy persons. On the whole 19 experiments have been car- 
ried out. The experiments have been repeated a few times on the same 
subject with an interval of a couple of weeks. The subjects have repre- 
sented ages between 9 and 73 years. 14 of the experiments have been 
carried out on women and 5 on men (one of these a 9-year-old boy). 
The pulse frequency in the A experiments (the rest samples) was between 
60 and 76, in the B experiments (work experiments) between 80 and 160, 
and in the 0 experiments (the final values) between 58 and 88. 

In the table the information concerning age, sex and pulse frequency 
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has been omitted because no correlation between these values and the 
Ci-values has appeared distinctly, possibly owing to the fact that the 
relatively small number of experiments have made a statistic treatment 
impossible. 

In the table the experiments repeated on the same person have 
been inserted first and have been brought together in groups in 
chronological order. Then all the other experiments have been 
inserted, also in chronological order. For each separate experiment 
with a few exceptions the A-value, B-value and C-value repre- 
senting resp. rest-value, working value and (hypothetically) 
restitution-value are reported. 

Table. 


}' ct/rnZ. serum. 



Sample A 

Sample B 

Sample C. 

14 / 5 S. K. . . . 

28 

38 

36 

=»/ 3 s. K. . . . 

26 

29 

27 

16 / 4 S. K. . . . 

27 

32 

— 

% I. A 

28 

— 

32 

I. A. . . . 

24 

29 

27 

V< I- A. . . . 

25 

28 

28 

“/» I. L 

27 

24 

25 

3 U I. L 

27 

26 

30 

2G / 4 I. L 

32 

31 

33 

15 / 4 B. L. . . . 

29 

40 

24 

S7 U B. L. . . . 

31 

41 

34 

3 /b b. L. .. 


30 

26 

»/, k. 0... 


35 

35 

16 /» S. E. . . 

33 

34 

36 

m / 2 J. 0. . . 

25 

30 

33 

8 /s E. L. . . 

23 

28 

29 

10 / 4 P. A. . . 

28 

36 

33 

u l, H. 0. .. 

29 

32 

31 

12 / 4 T. T. . . 

31 

34 

33 


mean value 28 ± 0 .oo 

32 ± Lot 

31 ±0.S7 


The table shows that out of the 19 experiments 11 gave initial 
values of 28 or below. Of the remaining 8, 4 gave values between 
28 and 30, and 4 above 30. Subjects who are accustomed to this 
investigation have on an average given somewhat lower initial 
values than others. The mean value of all 19 initial samples is 28. 

In spite of the fact that all the A-samples in these series were 
taken in the morning and that they accordingly were aimed at 
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representing tlie rest-values, the mean value is higher than those 
of the previous investigators. 

That it is easier to produce a definite rest-value from hospital 
patients confined to the bed than from policlinical patients is very 
probable, as the bed-patients after a short time get accustomed 
to the different samples. They are neither physically nor psy- 
cically disturbed as much as less trained subjects by the treatment 
which a puncture of a vein implies, how insignificant it is. This 
agrees with statements from clinical quarters. — If the Ci-value 
is not influenced by endogeneous circumstances it usually gets 
lower on patients who have been lying in hospital for some time 
than on those who have recently arrived there. 

The circumstances, when blood-sample B was drawn, correspond 
on the whole with the conditions, when the samples are taken 
policlinically without any preceding rest period. In 15 samples 
out of 18 we got here an increase of the cictrate-content from sample 
A. The increase lies, however, in 3 cases within the limits of the 
method’s error. 3 samples have given an insignificant diminution, 
which, however, also lies within the limits of this error. The 
mean value for the B-sample was 32. As is evident, however, 
from the calculated mean error, the average increase of the 
Ci-value from the A-series to the B-series is statistically significant. 

The sample C drawn after rest has in the various experiments 
given various results. In 9 samples the value has fallen below 
sample B, thereof in one case, with a high B-value, even below 
the value of sample A. In 6 of these the fall has been insignificant 
and has lain within the limits of error. In 6 cases — yet only in 
one case surely — an additional increase has been obtained in 
spite of the rest. In a few cases no change had occurred or was 
noted as uncertain. The mean value for the C-sample was 31. 

The conception had already from other quarters been stated 
that the Ci-value in serum rises under the influence of muscular 
work. The conception in question is strongly sustained by the here 
stated experiments. They are directly adapted to this question, 
and they have been carried out under consideration of known 
sources of error. 

The increase of the citrate content in the blood-serum under 
influence of muscular work seems to be of biological interest. The 
acid is formed as an intermediary product in the carbohydrate 
metabolism. But also in the metabolism of protein and fat a citric 
formation seems to take place. 
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This investigation intends also to give an account, if a cer- 
tain Ci-value may be considered normal or pathological. When 
the blood-sample is drawn in bed before rising under “standard 
conditions” C-values higher than 30 y are seldom and may- 
be looked upon as pathological. In liver diseases there then is good 
reason to diagnose hepatitis. If the blood-sample is drawn after 
beginning of the day’s work,' as on an out-patient’s department at 
a hospital, one has to be very careful using the Ci-values. 


Summary. 

By Thunberg’s enzymatic method the citrate content of serum 
has been determined on human blood from the cubital veins of 
healthy subjects. The blood samples have been drawn, an A-sample 
before rising, a B-sample after the subject having performed a 
certain muscular work and a C-sample following a 1 — 2 hour’s 
rest (bed-site) after the B-sample. 19 series have been carried 
out in all. For the 19 A-samples the minimum-value, mean- value 
and maximum-value were 23, 28, and 33 y citric acid per ml- 
serum. The corresponding values for the B- and C-samples were 
24, 32, 41 and 24, 31, 36. The Ci-value is increased through muscular 
work. Using the Ci-value of serum for diagnosis one has to take 
the blood-sample before rising. As upper limit for healthy subjects 
one can fix 30 y Ci. Of 19 values only 3 are a little higher. When 
the bloodsamples are taken after the beginning of the day’s work 
as on an out-patient’s department of a hospital the Ci-values are 
more variable, and have to be estimated with reservation. 
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Since some decade it has been known that citric acid enters 
as a component in practically all the fluids and tissues of the 
animal organism (Thunberg, Dickens). The explanation for 
this lies undoubtedly in the citric acid’s character of a metabolite 
which is formed in connection with the carbohydrate metabolism 
(Krebs & Johnson). It is, however, not more than 6 years ago 
that Dickens discovered that citric acid enters also in a consider- 
able amount in bone substance. Citric acid was also found in 
calcium concrements of different kinds (Martensson 1941, 
Thunberg 1941). 

This last-mentioned fact must have something to do with a 
precipitation of citrate in a slightly soluble form, and one asks 
oneself which this form might be. 

It is near at hand to think of tricalciumcitrate (C 6 H 5 0 7 ) a Ca 3 + 
+ 4H 2 0. 

Tricalciumcitrate shows interesting conditions of solubility. It 
is relatively easily soluble in cold water. On the other hand it is 
slightly soluble at a higher temperature, a fact already observed 
by Scheele, the discoverer of the acid, and which he employs for 
the characterising and isolating of the acid. Thus, according to 
Warrington, one part of the crystalline salt is dissolved at 14° C 
in 1180 parts of water, and at 90° in 1730 parts. The amorphous 
salt is more easily dissolved. 

A new possibility for explaining the origin of slightly soluble 
citrate combinations has been brought forward by Kuyper 1938, 

27 — $ 62524 . Acta phys . Scandinav . Vol . 12 . 
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who found that citrate is quantitatively precipitated from a 
solution which besides citrate contains phosphate-ions and cal- 
cium-ions in a suitable concentration. In the precipitate produced 
in this way citric acid will not be found as calcium citrate, but in 
a somewhat complex form. It is possible that one here has to 
deal with -a substance, in which calcium as well as phosphoric 
acid and citric acid enter. 

If the latter assumption is right phosphoric acid ought besides 
calcium and citric acid to enter not only into bone-substance, 
what one already knows is the case, but also in such calcium con- 
crements that have been found to contain citric acid. 

In order to verify the correctness of this assumption a series of 
analyses have been undertaken. They attach themselves to anal- 
yses which have already been carried out in another connection 
by Thunberg (1941), and which aimed at an examination of the 
appearance of citric acid in calcium concrements of different kinds. 
Citric acid has thus been proved in a couple of now obsolete 
pharmaca. To these belong Lapis cancri, concrements which are 
formed in pockets of the crayfish’s stomach during the changing 
of the shells and which is decomposed in connection with the 
formation of the new shell. To these belongs too Cornu cervirasum, 
chips of horn from deer or cattle. From earlier investigations 
by Thunberg (1941) it was also known, that eggshell contains 
citric acid. 

The analyses were now repeated and extended to include the 
presence of phosphata. The investigations included also oyster 
shell and coral. As Dickens and Thunberg (1941) found, also 
keratin contains citric acid. Analysis on citric acid, calcium and 
phosphor were made on this material too. 


Table. 

Citric acid 

Phosphor 

Calcium 


e/ioo g 

g/100 g 

g/100 g 

Cornu cervi rasum (Pharm. 
Suec. Ed. VII) 

1.560 

9.0 

25.6 


1.2S0 

1.280 

9.5 

25.6 

Lapis cancri (Pharm. Suec. 
Ed. VI) 

0.5 20 

2.05 

29.2 

Birds’ eggs, shells 

Gallus domestics 

0.15 

0.154 

33. s 

Somateria mollissima 

0.13 

0.15 

33.3 

Fulica atra 

0.29 

0.15 

32.8 
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Citric acid 

Phosphor 

Calcinm 

Crocodile egg, shell 

e/ioo E 

e/100 E 

e/ioo g 

Croc. Johnstoni 

0.055 

0.048 

23.0 

Marine animals 

Oyster shell 

0.017 

0.010 

32.8 

"White coral 

0.024 — 0.013 

0.007 

35.2 

Keratin substance 

Human hair, blond . . . 

0.017 — 0.012 

0.003 

0.003 

0.21 

white . . . 

0.023 

0.0018 


Horse Hoof 

.... 0.04 5 

0. 004 

0.12 


The table shows that citric acid, calcium and phosphor go to- 
gether as components in the substances which were examined. 
They do not contain calcium and citric acid alone, but also phos- 
phor. All these 3 substances have been found also in the examined 
keratin substances, be it that both the citric acid content as well as 
the phosphorous content is small. From Kuyper’s investigations 
1938 it appeared that citric acid does not precipitate quantita- 
tively from a solution which only contains a vfery small amount 
of calcium or phosphor. This agrees very well with the low citric 
acid content in the keratin substances which of course also con- 
tain but very small quantities of calcium and phosphor. The table 
shows also that in formations with high citric acid content the 
phosphor content is high too. 

The observations published here seem not to be without value 
for a hypothesis which Annersten has brought forward concerning 
the chemical background of the ossification. He thinks that an 
ossification hormone plays a certain part in the formation of bone 
substance. It does not seem improbable that what Annersten 
interpreted as an ossification hormone is a citrate indeed. Out of 
certain living tissues he produced an extract which in several 
respects seems to have the quality of citric acid. He has come 
across the hormonal factor in the urine, and the urine contains 
considerable quantities of citric acid. The active factor is soluble 
in alcohol and ether. Citric acid is also soluble in alcohol and ether, 
to be sure only in the shape of a free acid. One has come across 
the hormonal factor also in blood and muscle tissue, just as is the 
case with citric acid. 

Methodic. Citric acid has been stated according to Pucher, Sherman 
& Vickery. As a means of decoloration for the surplus of perman- 



384 


BRUNO STEINHARDT. 


ganate H 2 0 2 was employed. The coloured solution obtained by natrium 
sulphide was absorbed in acetone. 

The analysis of phosphor was carried out colorimetrically according 
to FlSKE & SUBBAROW. 

The calcium analyses were carried out according to Kramer & 
Tisdall. 

These analyses were carried out in the winter of 1944 — 1945. At this 
time Kuyper had not yet published his investigations about the bone 
formation problem. 


Summary. 

In the hitherto investigated concrements which contain calcium 
and citrate the author has now stated the presence also of 
phosphoric acid. It seems probable that the slight solubility of 
a complex containing Ca, citrate and phosphate here plays a part. 
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About tlie Pyrogen Activity of Dialyzed 
Casein Digest. 

By 

K A. J. WRETLIND. 

Received 24 Angnst 194G. 


Ever since Elman and Weiner (1939) made the first intra- 
venous injection of amino acids in man, the intravenous adminis- 
tration of amino acids has become more and more common in 
surgical as well as in medical practice. In their first cases Elman 
and Weiner used amino acids prepared from casein hydrolyzed 
with sulphuric acid. It was because tryptophane is destroyed during 
acid hydrolysis that this amino acid was added. In later experi- 
ments Elman (1910) as well as Gardner and Trent (1942), 
Landesman and Weinstein (1941), White and Weinstein 
(1945), have used a product of amino acids called Amigen, which 
is prepared by enzymatic hydrolysis of casein. 

In making casein digests of that kind, it is rather difficult to 
get them free from pyrogens. Zittle, Devlin, Bodney and 
Welcke (1945) have described a method for removing pyrogens 
from acid protein hydrolysates by means of Seitz filtration. Be- 
sults showed that partial hydrolysates (enzymatic) could not be 
freed from pyrogens by Seitz filtration. In their enzymatic casein 
hydrolysates they found very large amounts of pyrogens. The 
investigation reported below, however, shows that it is possible 
to make enzymatic casein hydrolysates which are free from pyro- 
gens. The method has been described elsewhere (Wretlind 
1944) and consists briefly in hydrolyzing pure casein by purified 
trypsin and erepsin. When the hydrolysis is ready, the hydrolys- 
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ates are dialyzed in. order to maintain the largest possible con- 
tent of amino acids and low molecular peptides. This casein digest, 
which has been used in Scandinavia under the name of Aminosol, 1 
has shown good properties in intravenous administration (Lid- 
strom 1944 and Wretlind 1945). It consists of 67 % of free amino 
acids and in a previous investigation (Wretlind 1946) it has been 
found that practically all amino acids are partly in free form. 
In order to show that this amino acids preparation has a very 
small content of pyrogens, the following experiment was per- 
formed. 


Experimental. 

The determination of pyrogens is usually performed on rabbits by 
measuring the temperature elevation after the injection of the solution. 
Seibert and Mendel (1932) have shown that the temperature in rab- 
bits has a daily variation of 0.54° 0. Thus a rise of more than 0.54° C. 
shows the presence of pyrogens. The U. S. Pharmacopoeia XII (1942) 
has the following test of pyrogenfree solutions. An injection of 10 ml 
of the solution per kg rabbit in 5 rabbits should not give a temperature 
rise of more than 0.6° G. if the solution should be called pyrogenfree. 
The temperature is taken immediately before and 1, 2 and 3 hours 
after the injection. Seibert and Mendel (1. c.) have shown that the 
temperature elevation generally sets in during the first hours after the 
injection. With regard to the amino acid solution used here, these 
findings have been verified by the author and thus the temperature 
has been taken only during the first 3 hours after the injection. 

Rabbits weighing 1750 to 2250 g were used. The amount of the in- 
jected amino acid solution was in every case 20 ml. The injected pre- 
paration was a solution of 3.3 % Aminosol in pyrogenfree redistilled 
water. In some cases 5 % glucose were added to the solution. The 
temperature was measured in the rectum with a standardized thermo- 
meter inserted beyond the sphincter for three minutes. The rabbits 
were kept in their -light, wellventilated cages and were allowed to 
eat as usual. During the temperature measuring and injections the 
rabbits were gently lifted from their cages in order not to disturb 
them, which might elevate the temperature. The temperature was taken 
immediately before the injection, which was done within 2 — 3 minutes 
in an ear 'vein, and then 1, 2 and 3 hours after the injection. 

The values are given in table I. The table shows that the 
temperature in general increased one hour after the injection 
and then slowly decreased in the following 2 hours. The number 
of the Aminosol solution in the table relates to the different 
sets of preparation. 


1 Aminosol is prepared by Vitrum, Stockholm. 
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Table I. 


Aminosol solution 

T o 

m p c r ft 

t n r e * 

C 

No. 

before injection 

after 1 honr 

after 2 hours 

after 3 hours 

532 

38.C 

39.1 

38.0 

38.5 

533 

38. s 

38.8 

38.8 

38.7 

535 

38.7 

39.0 

39.5 

39.1 

53G 

38.3 

38. s 

38.7 

38.8 

544 

38.3 

38.8 

38.5 

38.6 

546 

37.7 

38.2 

38.8 

38.5 

547 

38.4 

38.7 

39.1 

38.7 

547 

38.4 

38.4 

38.7 

38.0 

553 

38.6 

39.2 

38.o 

38.0 

553 

38.7 

39.2 

39.1 

38.7 

554 

38.7 

39.0 

39.5 

39.3 

554 

37.0 

38.C 

38.5 

38.7 

555 

38.8 

39.4 

39.5 

39.2 

555 

39.t 

39.3 

39.1 

38.8 

557 

38.2 

39.5 

39.3 

39.1 

557 

38.7 

39.1 

38.9 

39.o 

558 

39.2 

39.8 

40.o 

39.8 

558 

39.0 

39.1 

39.2 

39.0 

559 

39.0 

39.4 

39.2 

38.0 

559 

39.i 

39.6 

39.4 

39.4 

560 

39.2 

39.0 

39.6 

39.3 

560 

39.2 

39.3 

39.4 

39.3 

562 

38.7 

39.2 

39.4 

39.7 

562 

38.8 

39.c 

39.7 

39.7 

.563 

39.0 

39.4 

39.0 

38.8 

563 

38.9 

39.5 

39.2 

39.3 

564 1 

38.8 

39.0 

38.8 

38.o 

564i 

39.0 

39.2 

39.4 

39.1 

567 

39.1 

39.2 

39.3 

39.3 

567 

39.1 

39.0 

39.0 

39.0 

lOOOi 

38.0 

39.5 

39.4 

39.5 

lOOOi 

39.3 

40. o 

39.0 

39.3 

10011 

38.7 

38.8 

38.6 

38.7 

loop 

39.o 

39.2 

39.3 

39.i 

Average: 

38.75 

39.16 

39.10 

39.0 3 


From the figures of the temperatures it is evident that the 
temperature elevation is very seldom more than 0.60° C. The 
average temperature elevation is 0.41° C. after one hour and 0. 41° 
C. and 0.28° C. after two and three hours, respectively. From this 

1 "With 5 % glucose. 
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it might be concluded that this amino acid preparation contains 
no or merely a very minute amount of pyrogens. All these Aminosol 
solutions have been given also to human subjects without any 
fever reactions (Lidstrom 1946). The rate of the intravenous in- 
jection was 300 — 500 ml per hour. In general, the patients received 
1000 to 2000 ml a day. 


Summary. 

It has been shown that a preparation of dialyzed enzymatic 
casein digest contains no pyrogens. The pyrogen test was per- 
formed on rabbits by measuring the temperature elevation after 
the injection of the casein digests. 
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Variations in tlie Carbon Dioxide Tension 
in the Arterial Blood and tlie 
Electrocardiogram in Man . 1 

By 

B. CHR. CHRISTENSEN. 

Copenhagen. 

Received 25 August 1946. 


In. earlier investigations (1946) the author has shown that hy- 
perventilation in atmospheric air brings about distinct electro- 
cardiographic signs of myocardial hypoxaemia, and that these 
changes result from the reduced carbon dioxide tension in the 
blood. Moreover it is demonstrated that these changes are not due 
to the impeded dissociation of the oxyhaemoglobin caused by the 
reduced carbon dioxide tension in the blood. The tachycardia 
caused by the hyperventilation in atmospheric air can have no in- 
fluence on the occurrence of the electrocardiographic changes, since 
no such changes are seen during hyperventilation in air containing 
5 per cent carbon dioxide, although a pronounced tachycardia 
is present also in these experiments. As administration of coronary 
dilating agents, such as nitroglycerin, have no influence on the 
electrocardiographic changes it seems reasonable to conclude that 
constrictions of the coronary vessels can be of no essential impor- 
tance for the appearance of the myocardial hypoxaemia. As the 
author (1945 a) has previously demonstrated that the arterial 
pressures undergo no changes during hyperventilation in atmos- 
pheric air, it seems reasonable to presume that the transitory 


1 With financial support from Kong Christian den Tiendes Fond. 
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myocardial hypoxaemia during hyperventilation is conditioned 
in the first instance on a reduced flowing of blood through the 
coronary vessels on account of a compression of the latter, due 
to an increased intramyocardial tension, since Henderson 
(1908) has proved, in convincing experiments on dogs, that the 
volume of the heart decreases remarkably during hyperventila- 
tion in such a way that the diastolic volume is reduced first and 
then the systolic volume, after which the heart finally stops in 
systolic contraction. 

These previously reported investigations elucidate, however, 
only the qualitative conditions. The investigations to be reported 
here should throw light on the question as to which carbon dioxide 
tensions cause the electrocardiographic changes to occur. 


Methods. 

The report here presented is based on 10 experiments carried out on 
2 circulation-sound persons aged 30 and 42 years respectively. 

The experiments were carried out in the morning and were under- 
taken after the persons, who were fasting, had lain in rest for one hour 
in the laboratory. After this period of rest 2 electrocardiograms were 
recorded at intervals of 5 minutes in order to make sure that the electro- 
cardiogram presented no spontaneous changes of any note. Next came the 
recording during the hyperventilation, which lasted from 3 to 8 minutes. 

In the case of one subject only the 3 usual extremital leads were re- 
corded, while in that of the other also the precordial lead 4 R was applied. 

The various leads were recorded synchronously. The rate was calcul- 
ated on the basis of the time elapsing between 8 successive R-waves. 
The elctrocardiograph was at all tracings adjusted in such a manner 
that a difference of tension of 1 millivolt brought about a deflection of 
10 mm. The measurement of the heights of the individual waves was 
carried out according to Larsen’s (1936) method, at which the straight 
line tangent to the lower border of the curve on the segment between 
the end of the P-wave and the beginning of the initial complex, is used 
as the iso-electric level. This line does not always run a horizontal 
course, but may be either slightly ascending or descending. In such 
cases the straight line tangent to the curve at the beginning of the 
initial complex is used as the iso-electric level. This line does not always 
coincide with the actual iso-electric level. The latter must be the straight 
line tangent to the lower border of the curve between the end of the 
T-wave, or sometimes the U-wave, and the beginning of the P-wave, 
as the electrocardiographic curve between the end of the P-wave 
and the beginning of the initial complex will sometimes run a few 
tenth mm below the T-P segment. The stated heights of the individual 
waves have, like the indicated times, been calculated as the average of 
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the respective values of 5 successive complexes. Alveolar air tests tverc 
made immediately before and after each electrocardiogram in order 
thus to determine the carbon dioxide tension in the arterial Mood. 

A slightly modified form of Ham>ani: and I’ntKSTi.r.v’s method war. 
applied for the determination of the composition of the alveolar air. 

As voluntary hyperventilation is rather difficult to carry through for 
several minutes together even for a trained subject, breathing through 
a mouthpiece and with nos<'elips was performed only for the short 
periods during which alveolar air samples were taken. For this reason 
a short, wide tube was applied ns mouthpiece. When the subject had 
become familiar with the technique through a few preliminary experi- 
ments, it- was easy to make lu*r take the piece into the mouth and make 
the lips close tightly round it. The nasal respiration was prevented in 
the simple manner that an assisting person pressed the nostrils together 
digitally during the expiration, within which period the aJevohir air 
samples were taken. 

The aleveolar air samples were made at the end of n deep expiration, 
and a number of experiments of alveolar air analysis were made at 
intervals of 30 seconds in order to make sure that practically identical 
values were obtained for the composition of the alveolar air. 


Results. 

Each of the subjects presented complete accordance between 
the variations in the composition of the alveolar air and the varia- 
tions in the electrocardiograms at the different experiments, 
therefore only a single experiment from each subject shall be 
mentioned in order to show the dependence of the electrocardio- 
graphic changes on the carbon dioxide tension. 

Pig. 1 illustrates 3 sets of electrocardiograms from a 30-yenr-old 
woman with a normal circulation. The first set was recorded before 
the hyperventilation and shows perfectly normal conditions. The 
second set was recorded after 2 minutes of hyperventilation and 
shows marked changes. The third set, which was recorded after 
another 2 minutes of hyperventilation, displays pronounced signs 
of coronary insufficiency. The composition of the alveolar air, 
at the moment the electrocardiograms shown here were recorded, 
appears from table 1, in which the elctrocardiogrnphic charac- 
teristics are likewise indicated. It appears from the tablo that 
there are found distinct electrocardiographic signs of coronary 
insufficiency at a carbon dioxide tension of 20 mm Hg. Thus there 
is seen a pronounced depression of the S — T intervals in all three 
extremitnl leads. At a carbonic acid tension of 16 to 17 mm Hg 
in the alveolar air, and thus also in the arterial blood, the changes 
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Fig. 1. Electrocardiograms from subject No. 1. 

1st set of ecg. recorded during normal respiration, 2nd and 3rd sets after 2 and 
4 minutes respectively of hyperventilation in atmospheric air. 

Table 1. 


Characteristics of electrocardiogram. 


Alveolar air 
















0 

2 

C0 2 



xiine indicated in 

seconds, neignt 01 waves 

in mm 


0/ 

/o 

1 

£ 

% 

S 

3 

W 

RQ 

Rate 

P-Q 

Q-T 

Pi 

P 2 

P * 

H, 


P 3 

s-t 3 

w 


Ti 

1 

t 3 

15,75 

15,72 

112 

112 

5,10 

5,47 

36 

39 

0,97 

1,04 

93 

0,14 

1 

1 

2 




1 

0 

0 

° 

272 

2 

-l 

18,78 

134 

2,75 

20 

1,27 

in 

0,14 


17* 

2 


14 


0 

-1 

-172 

-72 

2 

72 

-172 

18,10 

17,89 

128 

127 

2,50 

2,17 

17,8 
' 15,5 

0,87 

0,70 

in 

0,14 

0,28 

1 

2 

1 

7 


8 

-1 

-272 

-172 

172 

0 

0 


are far more pronounced. The depression of the S — T intervals 
has become deeper, and T 2 , ‘which at 20 mm Hg acid tension was 
low, but still positive, has now become iso-electric. 

A number of electrocardiograms were recorded at carbon dioxide 
tensions lying between 30 and 23 mm Hg; but electrocardio- 
graphic changes were demonstrated in none of these cases. Accord- 
ingly it seems safe to conclude that the electrocardiographic 
changes occur when the carbon dioxide tension has fallen, through 
hyperventilation, to about 20 mm Hg or less, in other words when 
the tension has fallen to about half of the normal. 
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Pig 2. Electrocardiograms from subject No. 2. 

1st set of ecg. recorded during normal respiration, 2nd and 4tb sets, from the 
same experiment, recorded after 2 and 5 minutes respectively of hyperventilation. 
3rd set, derived from a similar experiment, recorded after 
2 minntes of hyperventilation. 


Table 2. 

Characteristics of electrocardiogram. 


Alveolar air 


o 2 

N 

o 

o 

RQ 

% 

I 

% 

B 

B 

& 

£T? 

14,38 

102 

4,82 

34 

0,86 

14,41 

102 

4,32 

31 

0,66 

18,70 

132 

2,73 

19,2 

1,20 

18,26 

129 

2,66 

18,o 

0,93 

18,49 

131 

2,33 

16,4 

0,94 

13,78 

133 

2,10 

14,8 

0,97 

38,68 

132 

2,10 

14,8 

0,89 


Time indicated in seconds, height of -waves in mm 


W 


75 

121 

120 

130 


0,16 

0,14 

i 

0,14 

0,14 


0,34 

j ' 

|0,30 

0,3o| 

|0,28 
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I 1 /* 
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9 
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0 
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-1 

-1 
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0 

-17 

-17 
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3 V* 
1 

IV* 

IV* 


Fig- 2 illustrates 4 sets of electrocardiograms from a 42-year- 
old woman with a normal circulation. Nos. 1, 2 and 4 are derived 
from one experiment, and No. 3 from another. The first set was 
recorded during normal respiration and shows perfectly normal 
conditions. The second set was recorded after 2 minutes of hyper- 
ventilation, and the fourth set after 5 minutes of hyperventilation. 
The third set which, as just mentioned, is from another experiment, 
Tvas likewise recorded after 2 minutes of hyperventilation. It has 
been included here to illustrate the constancy of the changes 
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described from one experiment to the other. The composition of 
the alveolar air at the points of time at which the different electro- 
cardiograms were recorded appears from table 2, which likewise 
shows the characteristics of the different electrocardiograms. This 
subject proved to present the same changes as the former. 

Thus the electrocardiographic tracings during voluntary hyper- 
ventilation in atmospheric air have shown that the following 
changes will occur, when the carbon dioxide tension in arterial 
blood falls to ab. 20 mm Hg: 

1) sinus tachycardia, 

2) a slight reduction of the time of conduction, 

3) a shortening of the electric systole duration, so that the latter 
falls within the range of the normal values indicated by 
Kaj H. Larsen (1941), 

4) no indisputable change of the heights of the P-waves, 

5) uncharacteristic changes of the heights of the R-waves, 

6) depression of the S — T segment of altogether 3 mm or more 
in 2 or more leads, 

7) iso-electric or inverted T- waves in 2 or more leads. 

The investigations just mentioned show that voluntary hyper- 
ventilation in atmospheric air bring about in normal man distinct 
electrocardiographic changes indicative of coronary insufficiency. 
But there is seen no prolongation of the electric systole duration; 
nor should we expect to find such a prolongation after Schultzer 
and Lebel’s (1939) demonstration of the fact that the concentra- 
tion of calcium ions does not decrease during attacks of hyper- 
ventilation tetany. 


Discussion. 

The results from these experiments with voluntary hyperven- 
tilation in normal man show that distinct electrocardiographic 
signs of myocardial hypoxaemia are brought about, when the 
carbon dioxide tension in the alveolar air is reduced to about 20 
mm Hg. These results may, in the author’s opinion, be of no small 
practical importance for the diagnosis of coronary insufficiency. 

In electrocardiographic studies after muscular work or during 
respiration of a mixture of air poor in oxygen it is generally as- 
sumed that an electrocardiographically demonstrated coronary 
insufficiency is an unquestionable sign of a, possibly latent, co- 
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ronary sclerosis. This can, however, hardly be sanctioned as a 
general rule applicable to all cases, for it is a well-known fact that 
untrained individuals hyperventilate during muscular work so 
that accordingly there should be a possibility that electrocardio- 
graphic changes, if present, might have been brought about by 
acapnia. This fact must play a rather considerable part in the 
cases in which the differential diagnosis stands between coronary 
affection and the effort syndrome, as the author has previously 
(1945 b) shown that patients suffering from the effort syndrome 
hyperventilate so much during muscular work that there occurs 
a pronounced vasoconstriction of the big extremital arteries. 
Distinct electrocardiographic changes have in some cases been 
observed in apparently healthy young people at the ordinary 
hypoxaemia tests, where the subject is made to breathe a mixture 
consisting of 10 % oxygen and 90 % nitrogen. This can easily be 
explained as having its cause in the involuntary hyperventilation, 
which occurs in all individuals who breathe air that is poor in 
oxygen. 

The facts just reported argue in favour of using the hypoxaemia 
test and not the working electrocardiogram for the diagnosis of 
latent coronary affections and of using for the hypoxaemia test 
a mixture of air which contains 2 or 3 % carbon dioxide in order 
to counteract the acapnia brought about by the hyperventilation. 


Summary. 

On two subjects it is shown, that voluntary hyperventilation in 
atmospheric air brings about distinct electrocardiographic signs of 
myocardial hypoxaemia when the carbon dioxide tension in the 
alveolar air, and therefore also in the arterial blood, is reduced to 
about 20 mm Hg. It is pointed out that these findings may be of 
practical importance for the diagnosis of coronary insufficiency 
by the aid of electrocardiographic tracings after muscular work, 
or during respiration of a mixture of air poor in oxygen and carbon 
dioxide free, as these methods may cause an involuntary hyper- 
ventilation, and by this, a reduction of the carbon dioxide tension 
in the arterial blood. 

Finally it is pointed out that these results argue in favour of 
using the hypoxaemia test and not the working electrocardiogram 
for the diagnosis of latent coronary insufficiency, and of using for 
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the hypoxaemia test a mixture of air containing 2 or 3 per cent 
carbon dioxide in order to counteract the acapnia brought about 
by the hyperventilation, 
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Introduction 


The study of the renal function has during the last two decades 
heen essentially intensified, particularly thanks to the methods, in- 
troduced by Richards for determining the composition of the glome- 
rular filtrate, and by Rehberg for determining the filtration rate. 
Owing to their fundamental investigations premises have been 
afforded inter alia for an increased understanding of the reabsorptive 
function of the tubular apparatus and especially the mechanism at 
glucose reabsorption. 

Our possibilities of studying the glucose excretion in man, however, 
are hampered by the occurrence of hormonal and other factors in 
the organism, regulating the glucose concentration in the blood and 
preventing an experimental variation thereof. It would therefore 
for a further study of the tubular reabsorption be expedient if a sub- 
stance could be found behaving as glucose in regards to excretion, 
its plasma concentration, however, exclusively being determined by 
the amount of substance administered, by the volume of distribution, 
and by the renal excretion. Judging from the few investigations which 
as yet have been published ascorbic acid seems to fulfill these re- 
quirements satisfactorily. Although chemically very active it ap- 
pears to be broken down very slowly in the organism and above all 
not to be quantitatively influenced by uncontrollable factors. 

The object of the present investigation has accordingly been to 
study the tubular reabsorptive rate for ascorbic acid under different 
experimental conditions in man. During the course of the investi- 
gation, however, results were obtained suggesting that the reabsorp- 
tive rate of the tubules had a reproducable ma xima l upper limi t, 
which probably was governed by the mass of absorbent epithelium 
in the tubules. Hereby possibilities lay open for a functional tubule 
test as a complement to previously known glomerulus function test. 
The investigations therefore became especially directed towards the 
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premises for a combined renal function test, based on the excretion 
curve for ascorbic acid and designed to give information as well of 
the glomerulus function as of the reabsorptive tubule function. 


My interest in the excretion of ascorbic acid was aroused by my 
teacher Professor Gustaf Gothlin, M. D., the former Head of the 
Physiological Institution, to whom I owe a large debt of gratitude. 

His successor, Professor Torsten Teorell, M. D., has given me the 
possibility of carrying out the present work. For this and for his 
support with good advice and stimulating criticism I desire to thank 
him sincerely. 

To Henrik Enghoff, M. D., associate Professor at the Institution, 
I beg to express my gratitude for his valuable assistance with the 
statistical treatment of the material; and to’ Doctor Olle Hogeman 
for good advice concerning the inulin clearance test. 

I also desire to thank my present chiefs, Gosta Bohmansson, M. D., 
and Olof Wilander, M. D., who have facilitated the completion of the 
work. 

The investigations have been supported by grants from the Reg- 
nell Fund, from the Foundation “Therese och Johan Anderssons 
Minne”, and from the Petren Fund. 
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A short review of earlier investigations 


Our present view of the function of the kidney was given its first 
concrete outlines by Cushny (1917), whose theory constituted a 
compromise between Ludwig’s “mechanical” and "Heidenhain’s 
“active” one. Cushny adopted Ludwig’s opinion that a filtration 
caused by hydrostatic pressure takes place in the glomeruli, and 
that the filtrate running down into the tubules consists of a protein- 
free plasma. From this preurine, water and certain substances dis- 
solved in it are reabsorbed by an active tubular process, so that the 
urine receives its final composition during the passage through the 
tubules. Intensive experimental investigations, the results of which 
have been presented diming more recent years, have on the whole 
confirmed Cushny’s theory. These investigations, however, have 
also revealed an excretory function of the tubules. 


1. The glomerular filtration and the clearance concept 

Cushny had very weak experimental grounds for his assumption that an 
ultrafiltration takes place in the glomeruli; as early as 1924, however, Weabn 
and Richards were able to show by micro-analyses of the glomerular fluid 
from frogs that the preurine does not contain protein, but does contain glucose 
and chloride, even when these substances were lacking in the bladder urine. 
After a series of investigations on frogs and Necluri it could gradually be estab- 
lished that the osmotic pressure, electric conductivity and the concentration 
of urea, inorganic phosphate, uric acid, creatinine, glucose and chloride are the 
same in preurine as in plasma (Walker, 1930; Walker and Elsom, 1930; 
Freeman, Ltvinoston and Richards, 1930; Ekehobn, 1931; Walkeb, 1933; 
Bordlev and Richards, 1933; Bokdley, Hendrix and Richards, 1933; 
Walker and Reisinger, 1933). For these low species, at least, the presence 
of a filtration in the glomeruli could he considered proved. 

There is, however, no direct proof that the mechanism is the same in mam- 
mals; the general validity of the discovery of Richards and co-workers has ne- 
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vertheless been regarded as indirectly proved by experiments showing that, in 
mammals, certain substances may be excreted at an identical rate, relative 
to their respective plasma concentration. This applied to creatinine (in dogs) 
and — if the tubular reabsorption is blocked with phlorizin — to glucose, xy- 
lose, and sucrose; to ferrocyanide, and inulin (Rehberg, 1926; Poulsson, 1930; 
Van Slyke, Hiller and Miller, 1935; Chasis, Jolliffe and Smith, 1933; 
Shannon and Smith, 1935). That at least six different substances were treated 
in exactly the same way by the kidney certainly suggests a passive filtration 
rather than an active cellular process. The ultrafiltration theory is furthermore 
considerably substantiated by an investigation on cats and rabbits by Baytjss, 
Kerridge and Russel (1933), where they showed that the kidney excretes 
protein with a molecular weight of less than about 70.000, whereas protein with 
a higher weight is retained. On the other hand, no experimental observations 
have been made arguing against the filtration theory. This theory is therefore 
generally accepted nowadays. 

The power of the kidney to excrete a substance is expressed by the term 
“clearance”, w'hich was originally introduced by Moller, McIntosh and Van 
Slyke (1928). It is defined as the volume of plasma w'hich would be required 
to provide the amount of the substance excreted per unit time. If P is the plasma 
concentration of the substance, U its urine concentration, and V the rate of the 
urine flow, then 



(1) 


In other words, the plasma clearance of any substance is equal to its concen- 
tration ratio multiplied by the rate of flow'. For a substance neither excreted 

nor reabsorbed by the tubules the plasma clearance would be equal to the 
amount of fluid filtered through the glomeruli. A substance reabsorbed in the 
tubules would have a low'er clearance, and a substance filtered in the glomeruli 
and excreted in the tubules w r ould have a higher one. 


Rehberg (1926) considered on various grounds that, after filtration 
in the glomeruli, creatinine does not undergo quantitative change 
in the tubules, and that therefore the amount excreted during a gi- 
ven time corresponds to that filtered during the same time. If the 
plasma concentration is known, it would, then, be possible to deter- 
mine the amount of fluid filtered per time unit. Later, however, 
Richards, Westfall and Bott (1934), Shannon (1935 a) and 
Shannon and Smith (1935) considered themselves to have shown 
that the polysaccaride inulin is completely filterable in the glomeruli, 
and that it is not reabsorbed or excreted in the tubules. On compara- 
tive investigations between creatinine and inulin clearance, it was 
seen that in e. g. dog the values are in good accordance. In man, how- 
ever, inulin is said to give a somewhat lower value than creatinine, 
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but the difference seems from a practical point of view to be of no 
importance. The author will therefore not here go into detail as to 
the various factors, speaking for or against inulin or creatinine clea- 
rance as an absolute gauge of glomerular filtration rate in nian, and 
refers instead to Smith (1937) and Ekeiiorn (1944). The fact that 
inulin clearance in man is not affected b}* the plasma concentration, 
even when high (Alving and Miller, 1940), whereas creatinine clea- 
rance falls in rising concentrations (Shannon, 1935 b) seems, however, 
at present to argue in favour of the former as the gauge of the 
filtration rate. 

Various investigations have been done on the inulin clearance value 
in man. Originally, the procedure was to keep the plasma inulin con- 
centration constant during the period of time in which the inulin excre- 
tion rate was determined, by administering a continuous intravenous 
injection of inulin. The result of these investigations (Richards, Bott 
and Westfall, 1938; Smith, Goldring and Chasis, 1938) showed 
that the clearance under physiological conditions and rest averages 
120 — 125 ml per minute. But it was also seen that the inulin clea- 
rance was fairly constant in one and the same individual, “not only 
in successive 15 to 20 minute periods but week by week” (Smith et 
al., cit. above). 

By another procedure — the determination of the excretion in 
sinking plasma concentrations after an intravenous injection of inu- 
lin — further investigations on the inulin clearance value have been 
carried out (Miller, Alving and Rubin, 1940; Alving and Miller, 
1940; Berdal, 1940; Josephson and Lindahl, 1943; Hogeman, 
1943). Among these, only the latter two studies present larger series, 
25 and 35 healthy subjects, respectively. With an interval of 20 to 
60 minutes 3 determinations were done in all cases. A summing up 
gives the following values for the different periods of time: 


Josephson and Lindahl (n = 25) 


1 period 

2 » 

3 » 

Hogeman ( n = 35) 

1 period 

2 » 

3 » 


137 + 6 ml per min. 
143 + 7 » 

117 + 6 » 

120 + 3 » 

119 + 2 » 

121 + 3 » 
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In the former material there is no significant difference between 
■the values of the first and the second periods, while on the other 
hand there is a difference between the values of the third period, in 
comparison with the mean of the others. The authors could not with 
certainty account for the low values of the third period, but consider 
it very probable that they are occasioned by errors in technic. Neither 
do they make use of the values of the third period in calculating the 
mean values. Hogeman, on the contrary, working with methodics 
which a priori must give lower errors, finds good accordance between 
the values of the three periods. (It should be noted, however, that 
Hogeman has but an interval of about 20 minutes between his tests, 
while Josephson and Lindahl have 60 minutes.) In reality, however, 
Hogemans values in all 3 periods are so accordant, that his investi- 
gations may be said to corroborate Smith’s theory, as regards the 
constancy of the filtration rate. 

The relatively small variations found in experimental data on the 
filtration rate are naturally to no small extent caused by the standard 
errors, called forth by the complicated technic, and the kidney’s 
power to maintain a constant filtration rate may therefore be regar- 
ded as considerable. Now, how does this take place? 

Anatomical investigations (cf. Claka, 1938) as well as physiological 
investigations (cf. Lamport, 1941) indicate that a number of physi- 
cal factors influence the filtration rate: tone and resistance of afferent 
and efferent arteriolae, arterial and intrarenal and osmotic pressure 
and others; on excessive stimulus through drugs, influencing any of 
these, changes are also found in the filtration rate. Weaker stimuli, 
such as experimental variations in renal arterial pressure (Schroeder 
and Steele, 1940) reveal, however, a certain autonomy in renal 
vascular bed, whereforfe it is probable that the physiological factors 
coordinate towards the maintenance of a constant filtration rate. 

Direct observations, on exposure of the glomeruli in frog (Richards 
and Schmidt, 1924, and others) show that not all of the glomeruli 
may exhibit a free blood flow at any moment. Certain glomeruli 
should thus be held in reserve, to be taken into use when necessary. 

These findings, however, are not directly applicable in mammals. 
Investigations on the tubule’s capacity of reabsorbing glucose in 
high plasma concentrations (see below) done partly on frog (Forster, 
1942) partly on dog and man (cf. Shannon, 1942) indicate a funda- 
mental difference in the manner of varying the filtration rate in these 
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mammals. On augmentation of the plasma concentration there is 
no change in the reabsorption rate cither in dog or in frog. If, on the 
other hand, the filtration rate is augmented, in some way or another, 
the reabsorption rate also is augmented in frog, while no such aug- 
mentation is seen in dog. This has been given an acceptable explana- 
tion, as follows: in frog the change in filtration rate is due to the new 
glomeruli — and thus new nephrons — being called into use. In dog, 
on the other hand, all the nephrons are continuously active and an 
augmentation of the filtration rate is caused by a change in the fil- 
tration pressure. It thus follows that in renal function tests in dog 
and man, at all events on the healthy kidney, one may consider this 
as a single nephron. 


2. The excretory function of the tubules 

After fundamental investigations in aglomerular animals by Marshall 
<1934) on tlic excretory function of the tubules, Smith and co-workers showed 
that, in man, the clearance for certain substances — c. g. phenol red, diodrast 
— which were proved to have been filtered in the glomeruli, far outstripped the 
inulin clearance. The substances must consequently also be excreted in the 
tubules (Goldrino, Clarke and Smith, 1936; Smith, Goldrino and Chasis, 
1938; Goldiunq, Chasis, Ranges and Smith, 1940; Smith, 1941). But it was 
also shown that the tubular excretion varied with the plasma concentration of 
the substance in question as long as this latter was low. At rising plasma con- 
centration, however, the tubular excretion became constant and the clearance 
fell. This “depression of the clearance” was taken to imply that the tubular 
excretory rate is limited by the inability of the tubular cells to transfer more 
than a certain amount of the substances per time unit from the peritubular 
fluid to the preurine. This maximal rate — T m — would, then, reveal the amount 
of functioning tubular tissue available for the excretion in question — tubular 
excretory mass. 


3. The reahsorptive function of the tubules 

After filtration in the glomeruli the greater part of the filtrate is 
reabsorbed in the tubules. The tubule’s capacity of reabsorbing cer- 
tain substances is, however, limited, wherefore the tubular appara- 
tus comes to render its regulating effects on the composition of the 
blood. In other words, the reabsorption would form the “threshold” 
whereby the body partly regulates the amount of “threshold substan- 
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oes” in the blood. Although the majority of substances in the blood 
are such threshold substances, only few of them have been the object 
of closer investigations in this respect. 

In frog and Necturus it has experimentally been possible to follow 
the reabsorption along the tubules through collection and analysis 
of tubular fluid, thus gathering a conception above all of the locali- 
zation of the reabsorbing epithelium (see Richards, 1935). Similar 
investigations have also been done on rabbit (Walker, Bott, Oliver 
and MacDowell, 1941). It appears from these investigations that 
for instance glucose is reabsorbed exclusively in the proximal tubules, 
while on the other hand chloride mainly is reabsorbed in the distal 
part of the tubules. 

In mammals our comprehension of the mechanism of reabsorption 
is mainly founded on clearance tests, showing that e. g. a number of 
aminoacids are but partly reabsorbed in low plasma concentrations 
(Pitts, 1943), while other substances are practically entirely reab- 
sorbed. Examples of the latter are glucose and ascorbic acid, whose 
reabsorption will here be studied in further detail. First, however, 
the question of the reabsorption of water will be dealt with briefly. 

The water reabsorption. Our knowledge of the water reabsorption is 
as yet minimal. If the values submitted for the filtration are accepted, then 99 
per cent of the filtered water is reabsorbed, and since it has been found that 
creatinine and inulin clearance are independent of the diuresis, then this lat- 
ter must be regulated by the water reabsorption. In frogs whose tubules had 
been blocked with phlorizin. Walker and Hudson (1937) observed a concen- 
tration increase of glucose in the proximal part and therefore assumed a water 
reabsorption there. Another concentration of preurine has, however, been found 
in the thin segment of Henle’s loop (Crane, 1927). On other grounds, too, this 
part of the tubules has been assumed to be the site of the water reabsorption: 
Peter (1909) arid Marshall (1934), have pointed out that only those animals 
where the thin segment is developed are able to produce hypertonic urine. 
The hypothesis is drawn up that the reabsorption of water is divided into two 
phases: first, an obligatory process, which is essentially isotonic in nature, and 
which takes place in the proximal part, and, second, a variable reabsorption, 
potentially hypertonic, assumed to take place in Henle’s loop and to be influ- 
enced by the antidiuretic hormone. 

The reabsorption of glucose. In frogs and Necluri the glucose 
concentration of the glomerular filtrate falls rapidly after the fluid 
enters the proximal tubules (White and Schmitt, 1926; Walker and 
Hudson, 1937). Perfusions of various parts of the tubules with 
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Ringer’s solution containing glucose demonstrate that- the reabsorp- 
tion is limited to the proximal segment. In animals poisoned with 
phlorizin the concentration remains at or above the plasma level 
throughout the tubules and appears in the ureters in high concentra- 
tion. Consequently, the glycosuria produced by phlorizin is due to 
an inhibition of reabsorption. 

In dogs Poulsson (1930) demonstrated that during phlorizin 
poisoning the kidneys concentrate the glucose approximately in the 
same degree and in close parallelism with creatinine. Ki and Reh- 
berg (1930) experimentally showed that the glycosuria occurring 
at high concentrations of plasma glucose is due, not to a decrease 
in the reabsorptive rate but to the fact that more glucose is filtered 
than can be reabsorbed. They pointed to two possible explanations 
of this limitation. Either the tubule cells arc only able to transfer 
a certain fixed amount from filtrate to peritubular fluid per unit 
time, or else a maximal difference in concentration between blood 
and urine at the place for teabsorption may act as. a limiting factor. 
From their experiments they drew the conclusion that the rcabsorp- 
tion increases with, the plasma concentration, even when the latter 
was high, but that the tubule cells were not able to reabsorb glucose 
at a concentration difference higher than 600 to 700 mgm per ml. 
They therefore thought it possible that the concentration difference 
limits the reabsorptive rate. Using dogs, Shannon and Fisher (1938) 
determined the reabsorption under continuous intravenous injection 
of glucose. As long as the plasma concentration remained below the 
threshold value practically all filtered glucose was reabsorbed, but 
above this value the reabsorptive rate remained constant, however 
great the plasma concentration, and therefore the filtered quantity 
per unit time was increased. To investigate whether the concentration 
difference according to Ni and Rehberg had any effect on the reab- 
sorption, they raised the plasma glucose concentration very strongly 
in a decerebrated dog, afterwards lowering the filtration by half 
with an aortic clamp. Both before, during and after this operation 
the reabsorption showed-the same value. From this they concluded 
that it was not the diffusion pressure but an actual maximal rate that 
limits the reabsorption, i. e. the mechanism of transfer behaves as 
though it were saturated with respect to the solute. Further investi- 
gations have substantiated this (Govaerts and Muller, 1938- 
Shannon, Farber and Troast, 1941). 
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This maximal reabsorptive rate — glucose T m — proved, as did 
diodrast T m , to be fairly constant in one and the same animal. Glu- 
cose T m was therefore recommended as a dependable means for the 
quantitative characterization of tubular (proximal) reabsorptive 
function. Goldring, Chasis, Ranges and Smith (1940) have also 
been able to show a certain correlation between diodrast T m and glu- 
cose T m in man (only few cases). — The excretion rate of glucose 
proved — according to the cited papers — independent of the degree 
of diuresis. 

The further determination of that plasma concentration value at 
which the glucose excretion sets in is complicated by several factors. 
First a minimal excretion of the substance is found even in low con- 
centrations of the plasma glucose (Harding, Nicholson and Archi- 
bald, 1936); second, at rising plasma concentrations we will not find 
a marked increase of the excretion but a rather gradual one above the 
“threshold value”. 

For clinical purposes empirical definations have had to suffice, but 
investigations on the threshold value for glucose ate few and uncer- 
tain. Faber and Hansen (1923) found in non-diabetics that the 
threshold value could vary within rather wide limits in different in- 
dividuals but that it was fairly constant in one and the same person. 
In certain physiological and pathological states the threshold value 
may fall, however, and in a material of non-diabetic pregnancies 
Chase (1932) reported glycosuria in 60 per cent with normal plasma 
value. A lowered value is considered to explain the glucosuria in so- 
called renal diabetes. 

^ The reabsorption of ascorbic acid. The few investigations 
which as ye’t have been done on the renal excretion of ascorbic acid, 
have shown that this takes place in almost identically the same 
manner as the glucose excretion. 

Even before the discovery of ascorbic acid van Eekelen, Emme- 
rie, Josephy and Wolff (1933) had been able to demonstrate the 
antiscorbutic action of urine from hypervitaminized individuals. 
Harris, Ray and Ward (1933), and Johnson and Zilva (1934), 
showed that persons living on a diet poor in Vitamin C only excreted 
slight traces of ascorbic acid in the urine, whereas the excretion of 
those on a diet rich in Vitamin C was, on the whole, proportional to 
the intake. 
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Using Richards technic Leblond (1938) was able to show that the 
capsular fluid in frog contains ascorbic acid in the same concentration 
as the plasma; and after intravenous injections on guineapigs the sub- 
stance could with histological technic be demonstrated in large quan- 
tities in the proximal part- of the tubules, but not in the distal part 
(Giraud and Leblond, 1937). 

The quantitative conditions in the renal excretion of ascorbic acid 
in mammals are elucidated by experiments, above all by Sherry,. 
Friedman, Paley, Berkman and Ralli (1940) in dog, by Ralli, 
Friedman and Rubin (1938) and by Friedman, Sherry and Ralli 
(1940) in man. They have here followed the same procedure as Shan- 
non and Fisher in the above mentioned investigations with glucose. 
The ascorbic acid clearance has thus been studied under concentra- 
tion balance, in various plasma concentrations over as well as under 
the threshold value./ 

With low plasma values they found ascorbic acid clearance very 
low — though not zero — but constant and independent of plasma 
concentration. When this concentration had exceeded about 1.5 
mgm per cent, however, the clearance rose rapidly and approached 
the inulin clearance. They also showed that this increase of the clea- 
rance depends on a limitation in the capacity of the renal tubules to 
reabsorb ascorbic acid and that this limitation is absolute. Thus, 
the same conditions should be valid for ascorbic acid as for glucose: 
the tubules can but reabsorb a certain maximal quantity per unit 
time — ascorbic acid T m ; as long as the filtered amount per unit time 
falls below this, only negligible amounts of ascorbic acid are excreted 
with the urine, but when the filtered amount exceeds T m , the surplus 
is excreted in the urine. 

Shannon (1938) has shown that the elevation of the plasma glucose 
to the level of frank glycuresis completely and reversibly blocks the 
reabsorption of xylose, and he therefore concluded that xylose is 
reabsorbed by a process which is common with that responsible for 
the reabsorption of glucose. Since glucose and ascorbic acid resemble 
one another in chemical structure Ralli, Friedman and Rubin (1938) 
made a further investigation to see if the mechanism for these two 
substances, too, was common. This was not the case. 

The same difficulties as in the case of glucose are encountered in 
endeavouring to determine the threshold value for ascorbic acid. 
The critical level of excretion seems to be between 1.5 and 2 mgm per 
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cent, dependent on the methodics and manner of determining the 
threshold value (Ralli et al., 1938; Faulkner and Taylor, 1938, 
and others). — Neither does the excretion of ascorbic acid seem to be 
influenced by the degree of diuresis, according to the quoted authors, 
and in published material by Friedman and co-workers one finds no 
change in the filtration rate on changes in plasma ascorbic acid con- 
centration. 

Some authors suggest the employment of ascorbic acid in the de- 
termination of renal function. Thus Sendroy and Miller (1939), 
in investigations on the Vitamin C standard in man, found that ab- 
normally slow excretion of administered ascorbic acid does not ne- 
cessarily indicate a low ascorbic acid content of the body when renal 
function is low. They also considered themselves to have established 
that the effect of lowered kidney function on the ascorbic acid clea- 
rance runs approximately parallel to other kidney function tests 
(urea clearance). Likewise, Ludden and Wright (1940) call atten- 
tion to the effect of renal retention of ascorbic acid on saturation 
tests. More systematic investigations on the applicability of ascorbic 
acid in renal function tests have not, judging from the available 
literature, been done. 


4. Summary 

Our theories concerning the renal function in man are still to a 
great extent founded on observations on lower mammals. Recent 
years’ clearance investigations on man have, however, to a certain 
extent verified the renal function theory, already suggested by Cushny 
— involving an ultrafiltration in the glomeruli, caused by the hy- 
drostatic pressure, and an active reabsorption in the tubules. 

Arguments have in the literature been propounded for the fol- 
lowing assumptions, of immediate interest for this work: 

1. The filtration rate in the glomeruli under physiological condi- 
tions, determined by inulin clearance, is remarkably constant. 

2. In quantitative investigations the human kidney may be con- 
sidered as a single nephron. 

3. The degree of diuresis does not affect the reabsorption rate for 
glucose or ascorbic acid. 

4. The reabsorption of glucose and ascorbic acid apparently takes 
place in identically the same manner. 
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5. Not until above a certain critical plasma concentration value 
— the threshold value — does any considerable excretion of these 
substances set in. 

6. The reason for this seems to be that the reabsorption rate has 
a constant absolute upper limit — T m . As long as the filtered amount 
per unit time remains below T m , practically all is reabsorbed in the 
tubules; when the filtered amount exceeds T m , the surplus is excreted 
with the urine. 


2—46116 Ahlborg 
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The problems 


If ascorbic acid is present in the plasma in a concentration of P, 
and if the filtration rate — i. e. the amount of fluid filtered in the glo- 
meruli per time unit — is F, then the filtered quantity of ascorbic 
acid per unit time is PF, and if the amount reabsorbed in the tubules 
and excreted with the urine per unit time is T and S respectively, 
then in general 

PF— S = T (2) 


Thus, the reabsorptive rate can be determined if we know the 
plasma concentration, the filtration rate and the excretion rate. 

If, however, P — being assumed greater than the threshold value 
in order to secure a maximal reabsorptive rate — and S are permitted 
to vary, while F and T remain constant according to what has been 
stated above, the value of these constants can be determined as has 
been done diagrammatically in fig. 1. T m — maximal reabsorptive 
rate — can be read off directly at the intersection on the y-axis while 
F will be equal to tg a. Or in other words, if we know two points, 
PjjSq and P 2 S 2 , on the curve — then F and T m can be solved according 
to the equation system 


jP 1 F-S 1 = T m 
\P 2 F-S 2 = T m 


(3) 


In theory then, if we know the plasma concentration and the excre- 
tion rate on two separate occasions above the threshold value, it ivill be 
possible to calculate both the glomerular filtration rate (F) and the maxi- 
mal tubular reabsorptive rate ( T m ). The possible combinations are 
shown in fig. 2. 

Of the two quantities, F has for a long time been employed as an 
applicable measure for one of the functions of the kidney — the glo- 
merular function — while we for the other, the tubulus function, have 
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Fig. 1. The theoretical relation between the plaBma concentration (P) and 
excretion rate ( S ) for ascorbic acid at high plasma concentrations. The value 
of tg a is determined by the filtration rate, the value of Tm by the maximal re- 
absorptive rate. See text. 



Fig. 2. The inclination and course of the tentative excretion curve for ascor- 
bic acid at high plasma concentrations. 1. Normal case. 2. Lowered reabsorp- 
tion capacity and normal filtration rate. 3. Lowered reabsorption capacity 
and lowered filtration rate. 4. Normal reabsorption capacity and lowered 

filtration rate. 
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lacked an available gauge. It has, however, already been pointed 
out (see above) that the requirements are on hand for considering 
T m as a quantitative characterization of tubular (proximal) reabsorp- 
tive function. If the above quoted theoretical arguments were rea- 
lized and verified experimentally, we should obtain a method by 
which to determine the glomerulus function and a tubulus function 
by one and the same examination. 

It has thus been the object of the present study to examine the 
premises for such a combined renal function test. 

In the here published results of the investigations — covering a 
physiological material only — Section III gives the methods used, 
after which follow the investigations on the excretion at low, rising 
plasma concentrations in order to determine the threshold value 
(Section IY). Section V gives the obtained values from the excretion 
curve of the maximal reabsorptive rate and filtration rate. Finally 
certain questions related to the nature of the reabsorptive mechanism, 
are discussed (Section VI). 



Ill 


Methods 

1. Statistical methods 

The statistical treatment of the material has been done according 
to the usual formulas as given by Fisher (1930). The method error 
has been calculated from the differences in two or more determinations 
on the formulas used by Enghoff (1937, p. 109). 


2. The determination of plasma ascorbic acid 


Chemical data, etc. of ascorbic acid (SviRBELY and Szent-GyOboyi, 1932; 
Johnson and Zilva, 1934; Bobsook, Daveni>ort, Jeffreys and Warner, 
1937; Kino, 1939). 1 -ascorbic acid, whose brutto formula is C 6 H g O # (see be- 
low), is a monobasic acid and a powerful reducing agent. Its acid properties 
(acidic dissociation 'pk 1 = 4.17) are said to be due rather to dissociation of an 
enolic hydrogen than to opening of the lactone ring. 

Its oxidation takes place in well demarcated steps, of which the first leads 
to dehydroscorbic acid — e. g. when ascorbic acid in acid solution is made to 
reduce dichlorophenol-indophenol: 
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This oxidation product can be reduced quantitatively to ascorbic acid with, 
for example, hydrogen sulphide. In aqueous solutions with a pH larger than 5, 
ascorbic acid is oxidized very readily by the air oxygen in the presence of cop- 
per as catalyzer. This reaction is greatly accelerated by exposure to light. 

Ascorbic acid is, however, non-autooxidizable within the normal pH range 
of animal tissues, and it is not changed quantitatively in the bladder (Sherry 



and Friedman, 1939). — Unlike certain other animals, the primates cannot 
synthesize ascorbic acid. 

In the present investigation ascorbic acid has been administered in the form 
of JRedoxon Roche forte pro inj. (100 mgm/ml) or of Tabl. Redoxon Roche, con- 
taining 50 mgm ascorbic acid. 

A number of methods have been worked out for determining as- 
corbic acid in a biological medium, all based on its power of reduc- 
tion. The indicators most commonly used have been 2,6-dichloro- 
phenol-indophenol (Tillmans, Hirsch and Hirsch, 1932) and methy- 
lene blue (Martini and Bonsignori, 1934). However, both plasma 
and urine contain reducing substances in minimal quantities, which 
disturb the titration — above all those of the R-SH type, cysteine, 
glutathione and other. Most methods are therefore encumbered with 
appliances for eliminating the effect of these substances. 

After the severe criticism by, among others, Dagulf (1939) and 
Kirk and Warburg (1940), directed against the use of methylene 
blue, it now appears to be abandoned as an indicator. Besides, a 
method for dichlorophenol has been worked out, which makes use 
of the fact that disturbing substances usually react slower with the 
dye than does the ascorbic acid. 

The principle of this method, published in 1937 by Meunier, and 
applied to the analysis of plasma by Mindlin and Butler (1938), 
is to make a certain amount of the sample reduce a surplus of dye 
solution,- and to determine the degree of reduction by means of a 
photo-electric colorimeter. This eliminates the error of subjective 
detection of the end-point, and an accurately standardized dye is 
not needed. The observations of the rate of fading of the dye with 
time permits the detection and estimation of reducing substances 
reacting at a slower rate than ascorbic acid. By a suitable choice 
of the time for reading off it is possible to exclude the disturbing ef- 
fect of cysteine (Mindlin and Butler, 1938) and of glutathione 
(Bessey, 1938). By working in a sufficiently acid medium the in- 
fluence of other, in the blood not normally occurrent substances, 
phenols, tannins, etc. is excluded (Bessey, 1938). 

Investigations on the dichlorophenol-reducing influence of plasma 
under different conditions are numerous. Mindlin and Butler (1938) 
recovered practically 100 per cent of ascorbic acid, added to plasma. 
Bryan, Turner, Huenemann and Lotwin (1941) were able to show 
that in healthy human subjects, the level of the fasting plasma ascor- 
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bic acid is a function of the average daily intake of the vitamin. When 
using the method in question, one often encounters zero values in 
test subjects with low vitamin C standard. Hjarne (1942) has not 
less than 34 such cases in his material, and Crandon, Lund and 
Dill (1940) communicate that they obtained first decreasing values 
and later the value zero in repeated examinations of the plasma con- 
centration in their test subject, who had been on a diet free from vi- 
tamin C for some time. We have observed 5 cases with reproducable 
zero values, one of which has been published in another connection 
(Ahlborg and Brante, 1940). 

Experiences of the method are favourable throughout and no ob- 
servations which might be interpreted as caused by disturbing sub- 
stances have been noted in the investigations in which it has been 
used (Bessey, 1938; Mindlin, 1938; Cushman and Butler, 1938; 
Butler and Cushman, 1939; Heinemann and Hald, 1940; Fried- 
man, Sherry and Ralli, 1940; Sherry et al., 1940, and others). 
It should, however, be borne in mind, when placing an equality sign 
between dichlorophenol-reducing substances and ascorbic acid, that 
such disturbing substances may exist. 

Apparatus: Photo-electric colorimeter of usual type (see e. g. Evelyn, 
1936, or Lange, 1942) with a Siemens’ light spot galvanometer. Here, how- 
ever, only one selenium sperr cell and a movable tube-holder were used. Suffi- 
ciently constant illumination was secured by employing heavy duty storage 
cells, which were continuously charged from the net. As the acid dye solution 
showed a maximal absorption at about 520 mu, a Wratten filter No. 74 with a 
maximum at 530 could be used. 

Procedure 1 (micro-method of Mindlin and Butler, 1938): After hyperemiza- 
tion of the hand in a water bath, about 0.5 ml blood is taken from the finger- 
tip in a heparinized pipette; intense centrifuging for 3 minutes in a narrow tube, 
after which exactly 0.1 ml plasma is pipetted off and put into an ordinary cen- 
trifuge tube. 0.15 ml aq. redest. is added with the same pipette and the protein 
is precipitated with 0.2 ml 6 per cent metaphosphoric acid; the mixture is shaken 
and centrifuged strongly for 3 minutes. 

Meanwhile 0.8 ml of a buffered dye solution has been pipetted into the colo- 
rimeter tube, tfhis solution consists of equal parts of sodium acetate solution, 
whose pH has been adjusted to 7.0, and dichlorophenol-indophenol solution, 
whose concentration should vary according to the ascorbic acid concentration 
expected in the plasma sample. Thus, for concentrations between 0 and 2 mgm 
per cent the blank should give a reading of about 85 galvanometer scale divi- 

1 Our method differs somewhat from the original method: potassium oxalate 
has been exchanged for heparin and we have, according to Cushman and 
Butler (1938), not used potassium cyanide. 
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sions, when destilled water reads 100, whereas the reading should be about 
80 when the concentrations exceed 2 mgm per cent. The final reading of the 
sample will thereby be made within the most sensitive region. 

0.3 ml protein-free plasma is pipetted off with great care and introduced into 
the colorimeter tube, after which the contents are mixed. The galvanometer 
reading is done exactly 20 seconds after mixing. 



Fig. 3. The extinction at different plasma-ascorbic acid concentrations. 
n = 35; Ql = 0.024 ± 0.0001. 

The calculation is done according to the formula 
P = K (log Gs — Jog Gb); 

where P is the plasma concentration in mgm per cent, Gs the galvanometer 
reading for the sample and Gb that for the blank. The constant K has been 
established according to the extinction curve in fig. 3 by determinations of 
known plasma-ascorbic acid solutions. For the present apparatus and dilution 
it will be equal to 42.1. 

With a little practice, very satisfactory results can be obtained 
from the method if the following precautions are taken. Haemolysis 
in the blood sample invariably gives too low values. This can, how- 
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ever, very easily be avoided by making the hyperemia so intense that 
the blood runs spontaneously from the lancet wound, and by using 
heparin instead of oxalate. — The buffered dye solution displays 
a spontaneous fading, which, though reduced by cold and darkness, 
cannot be disregarded in experiments of long duration. In the in- 
vestigations presented here, the strength of the dye solution was, 
when possible, determined before each plasma analysis. The experi- 
ments including concurrent determination of the inulin concentration 
left no time for this procedure. The fading of the dye, however, proved 
to be practically linear to time and it was therefore sufficient to de- 
termine Gb before and after the entire experiment. The value of Gb 
at any given moment could then be read off from a time curve. — 
Metaphosphoric acid passes readily into ortophosphoric acid, causing 
a change in j>H. If the solution is made afresh daily before the experi- 
ment and if only the central part of the metaphosphoric acid crystals- 
is used, this trouble is eliminated. 

It has been possible in 60 double determinations to reproduce 
plasma figures within + 0.04 mgm per cent. This error is practically 
the same whether calculated on plasma ascorbic acid values varying 
between 0.2 to 2.0 or between 2.0 to 4.0 mgm per cent. 


3. The determination of urine ascorbic acid 

When determining the ascorbic acid in the urine, the possible: 
presence of other reducing substances must not be left out of account,, 
and indeed small amounts of such substances have been demonstrated, 
(see e. g. Bessey, 1939). Various attempts have been made to eli- 
minate their action, precipitating with mercuric and barium acetate 
etc., but these procedures take a relatively long time and by using 
them we would have been forced to wait with the urine analyses tilL 
after the end of the entire experiment. This would, however, have 
entailed a loss *of ascorbic acid in the samples on standing (Weight,. 
1936). 

Evelyn, Malloy and Rosen (1938) have shown that determina- 
tions of urine ascorbic acid, too, will present lower values if photo- 
electric titration is performed on the same principles as hold good 
for plasma determinations. If a strongly acid medium is used, the 
ascorbic acid reacts very quickly with dichlorophenol-indophenoh 
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at the same time as the action of certain of the disturbing substances 
is obviated; They have also utilized the time factor even more than 
Mindlin- and Butler in their experiments with plasma, and re- 
cornmend reading off the extinction every 5th second and extrapola- 
tion of the resulting curve when the reaction between the ascorbic 
acid and the dye can be considered over — in practice, at the time 
zero. Needless to say, this extrapolation will be more exact the ear- 
lier the first reading can be made, and the apparatus used by Evelyn 
has made this possible no more than 5 seconds after mixing. This 
was not possible for the experimental gear used in the present investi- 
gations, however; we had to content ourselves with a first reading 
15- seconds after mixing. Evelyn furthermore carried out the extra- 
polation according to a curved line. As the equation of the line 
hardly can be calculated, it seems difficult to make such a nume- 
rical extrapolation. Instead, the straight connecting-line between 
the extinction at 30 and at 15 seconds has been taken to the y-axis, 
and the intersection of these two regarded as the extinction caused 
by ascorbic acid (see Eig. 4). In this way the values probably be- 
come higher than those obtained with the original methods, and it 
has therefore been necessary to make clear the error involved. 

As has already been briefly mentioned, Friedman, Sherry and 
Balia (1940) — who used the methods of Evelyn, Malloy and Rosen 

— found in very careful investigations that ascorbic acid is excre- 
ted with the urine even when the concentration in the plasma is low, 
i. e. below the threshold value. They assumed they were dealing with 
ascorbic acid from the circumstances that there was a general corre- 
lation between the plasma concentration and the excretion. The 
excretion was nevertheless very small, amounting to a maximum of 
about 0.035 mgm per minute. 

In his extrapolation procedure the present author has on 15 ex- 
perimental subjects carried out 85 determinations of the excretion 
rate of dichlorophenol-reducing substance at different plasma con- 
centrations under 1.5 mgm per cent, and found in so doing that the 
mean for this “rest excretion” was 0.020 + 0.0015 mgm per minute. 
Even if this is for the most part conditioned by disturbing substances 

— which is hardly likely in the light of the above described investi- 
gation — it is so small as to have no effect whatsoever on the results 
in the present investigation. 

It has naturally been necessary at high concentrations to dilute 




the urine and the effect of the dilution on the extinction has there- 
fore been investigated. Fig. 4 gives the curves from one of these ex- 
periments. The top curve is from the native undiluted urine (diuresis 
about 2 ml per minute), the bottom one after the urine has been di- 
luted with water in the ratio 1: 7. As can be seen from the values ob- 
tained from the curves there is good agreement between the calcula- 
ted amounts of excreted substance. J udging from these investigations, 
then, the degree of the dilution should not affect the results obtained 
with this method. 
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Procedure. Apparatus as in the plasma ascorbic acid determination. 

The samples of urine were taken either with a catheter or, in the majority 
of the cases, the subjects emptied their bladders voluntarily. With a high diure- 
sis of 5 — 15 ml per minute the error of the latter method due to possible residual, 
urine has proved minimal, at any rate in physiological material. The urine was. 
immediately acidified with glacial acetic acid so that the sample contained 5 
per cent acetic acid. Blank tests were made as in the plasma determination,. 
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Urine ascorbic acid mgm per cent 

Fig. 5. The extinction at different urine-ascorbic acid concentrations, 
n = 24; = 0.041 ± 0.0003. 

but with 1 ml acetic acid and 9 ml dichlorophenol-indophenol solution whose 
concentration should vary according to the ascorbic acid concentration ex- 
pected (see p. 23). 1 ml of the acidified sample was pipetted into the colorimeter 
tube, after which 9 ml of the dye solution was added from a pipette whose tip 
had been removed to make it empty more rapidly. Reading made exactly 16 
seconds after mixing, and every subsequent 15 seconds. Since a large quantity 
of samples are available and the method is very swift, repeated analyses were 
made, which normally gave accordant values. 

The calculation is done according to the same equation as was given for the 
plasma determinations. With the apparatus and the dilution in question, the 
constant is 24.6 according to the curve in fig. 5, where the extinction haB been 
determined for known urine ascorbic acid solutions. 
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4. The determination of inulin clearance 

The object of the inulin clearance investigations has partly been, 
through them to be able to eliminate from the material eventual 
cases with a definite lowering of the glomerulus function, and partly 
to procure a measure for the average filtration rate in the material. 

As has been seen from the foregoing a microdetermination has been 
used in the ascorbic acid determination, allowing the blood sample to 
be taken from the fingertip. The reason for this has obviously been 
to spare the subjects from — in certain investigations — up to 12 
venous punctures in the course of 6 hours. For technical reasons, how- 
ever, the samples of blood for the ascorbic acid and for the inulin- 
test had to be taken simultaneously, and we were thus obliged to 
make a microdetermination for the inulin-analyses also. 

The method used here is on all essentials based on that simul- 
taneously introduced by Corcoran and Page (1939) and Alving, 
Rubin and Miller (1939), and modified by Alving and Miller (1940) 
and Hogeman (1943; and in press). As to the applicability of this 
method for practical use, the reader is referred to the latter author’s 
works. 

Inulin, which is a high-molecular polysaccharide, twins into fruc- 
tose on hydrolysis, and is determined as such according to the method 
introduced by Alving and collaborator. Fructose reacts to diphenyl- 
amine with a blue color and this reaction is specific to inulin in plasma 
and urine if the glucose (and fructose) is broken down with yeast be- 
fore the reaction. The reaction can be determined quantitatively 
by means of a colorimeter. 

Among the modifications that of Hogeman will be described, 
as it has been the basis of our methodics, and we have had the 
opportunity of making parallel investigations of a number of his 
cases. 

His procedure is approximately this: After the taking of blood 
samples for blank analysis, 50 ml of Inulin Astra (10 per cent) are in- 
jected intravenously. The patient is made to empty his bladder one 
hour after injection, and it is then emptied at intervals of 20 — 30 
minutes during the next 90 minutes. A few minutes before the middle 
of each period — correction for renal dead space (see below) — blood 
samples are taken by venous puncture. After all the samples have 
been taken the glucose in the plasma samples is fermented with or- 
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dinary washed yeast, after which the protein is precipitated with 
zinc sulphate. The protein-free plasma is brought together with 
diphenylamine solution in specially constructed hydrolysis glass 
ampullae, which are sealed and placed in a boiling water bath. Af- 
ter the samples have been hydrolyzed for one hour, the extinction 
is read off in a Pulfrich photometer. The urine samples are treated 
in the same way, but, unless glucosuria is present, are not fermented. 

Using this method Hogeman finds a plasma inulin concentration 
of between 11 and 13 after one hour, and after a further hour between 
6 and 8 mgm per cent. In fermented blank samples from the plasma 
there is a blue coloration corresponding to 0.3 — 0.7 mgm per cent 
inulin, in unfermented corresponding to 6 — 10. The mean for the 
inulin clearance appears from the tables, page 9, and the method 
error, calculated from differences in three periods, + 6 per cent. 

Our methodics differ from that of Hogeman inasmuch as we for 
one thing use smaller amounts of plasma, and for another do not 
ferment the samples. A plasma determination is instead done be- 
fore the injection of inulin, and this blank value is later subtracted 
from each calculated plasma value. In our method there thus arises 
an error, brought about by the changes in the glucose concentration 
during the experiment. This error, however, judging from investi- 
gations with the method, seems to be relatively small, but it naturally 
limits the employment of the method to healthy subjects only. 

Procedure. Exactly 0.2 ml plasma is taken from tlie heparinized blood sample, 
and diluted with 0.3 ml aq. redest. 0.2 ml 10 per cent zinc sulphate and 0.2 ml 
n/2 NaOH is then added. Violent shaking, and centrifuging for 15 minutes. 
Exactly 0.4 ml of proteinfree plasma is pipetted off and to this is added 4 ml 
of the diphenylamine reagent. This has been prepared as follows: 

Stock solution I: 1 part concentrated hydrochloric acid 
2 parts redistilled ethyl alcohol 
Stock solution II: 1 gram diphenylamine 

12:5 ml rediBtilled ethyl alcohol 

The reagent used consists of 50 ml of solution I and 3.35 ml of solution II. 
The reagent was made afresh before each experiment. 

2 ml of plasma-diphenylamine solution is put into an ordinary drug ampulla, 
which is sealed. The ampulla is then placed in a boiling water bath, where the 
inulin is left to hydrolyze for one hour. The urine samples receive a similar 
treatment after suitable dilution. The extinction is then Tead off in the usual 
way in the photoelectric colorimeter. An extinction curve, calculated from 
known inulin solutions in the customary manner, gives with the filter used — 
Wrattcn filter No. 70 — a straight line through origo (cf. Hogeman, cit. above). 
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With this method we have done 49 clearance determinations on 
15 anamnesically sound subjects (see below). During the proceedings 
it appeared that the plasma concentration at different intervals of 
time after the injection correlated with corresponding values in 
Hogeman’s material, and, further, that the plasma blanks before the 
injection of inulin gave a blue coloration due to glucose corresponding 
to between 5 and 9 mgm per cent inulin. The calculated mean for 
the whole material ( n = 49) amounted to 123 + 2 ml per minute and 
1.73 m 2 body surface 1 , and the total error calculated from the diffe- 
rences in the various periods, was about + 11 per cent — or nearly 
twice as large as in Hogeman’s material. Our values for the various 
periods of 30 minutes are grouped as follows': 

1. period 126 + 4 ml per minute 

2. period 117 + 3 » 

3. period 122 + 4 » 

There is no significant difference between the values of the first and 
second periods. 

The error in our methodics, large in comparison with that of Ho- 
geman, is with all certainty due to deviations in the glucose concen- 
tration from period to period, rather than to errors in analysis. The 
method, however, has proved serviceable for investigations on 
healthy material. For work with clinical material, however, a method 
with fermentation of the plasma glucose would seem to be a necessity. 

The clearance varies somewhat with the body surface, which, according to 
MacKay (1932) can he used as a relative gauge of the size of renal paren- 
chyma. The correction was here done according to a line chart published by 
Peters and Van Slyke (1931), and giving a correction factor for each body 
surface. 



IV 


The excretion of ascorbic acid at rising plasma 
concentrations 


Above it was pointed out that there were good foundations for 
■the assumption that the renal filtration rate in man under physio- 
logical conditions may be considered constant. In addition, a review 
was given of experimental investigations, speaking in favour of the 
fact that the reabsorption rate for ascorbic acid in the tubules has 
& certain maximal limit, which is not exceeded, and that this capacity 
of reabsorption practically speaking always is entirely utilized, gi- 
ven a sufficient supply of ascorbic acid. The consequence of this is, 
however, that the excretion curve of the substance in question, e. g. 
■the excretion rate at differing plasma concentrations, should have 
this appearance: at a certain plasma concentration value the excre- 
tion should set in and the excretion rate above this threshold value 
be directly proportional to the amount of filtered substance, i. e. 
to the plasma concentration (Fig. 6). 

The object of the investigation has been experimentally to deter- 
mine the course of the excretion curve at ma xim al reabsorption rate, 
thus, according to the hypothesis, above the threshold value. The 
plasma concentration in our experiments should accordingly not fall 
below this value. Our first task will thus be to investigate the ex- 
tent and variability of this value, with the method indicated. 

According to the hypothesis granted, the excretion curve should 
have the same course whether the investigations are carried out with 
continuous intravenous injection of ascorbic acid and after the plasma 
concentration has been constant for some time — the excretion curve 
<it concentration balance — or with rising or jailing plasma concentra- 
tions. In other words, the threshold value should be definite and 
have the same value, whichever the technic used. 
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It is, however, difficult to determine this value under concentra- 
tion balance, as such a technic demands intravenous drip. It is also 
very time-cons umi ng to follow the excretion after an initial intrave- 
nous injection all the way down to that plasma concentration value, 
at which the excretion practically speaking can be considered to 
cease, owing to the fact that the plasma concentration in the proxi- 



P/asmcr cone. 

F'g- 0. Theoretically calculated amount ascorbic acid filtered, excreted and 
reabsorbed per time unit at different plasma concentrations. 


mity of the threshold value falls very slowly. In rising plasma con- 
centrations, on the other side, it is, by varying the load, possible to 
direct the excretion curve. This technic has therefore been employed 
in determining the threshold value. 

1. The loading curve 

Normally and fasting the concentration of ascorbic acid in plasma 
as a matter of fact hardly varies during 4—5 hours, as is shown in 
table I. After peroral administration of 10 mgm per kilo body weight 
the concentration rises quite rapidly and reaches its maximum after 
2—3 hours, later to fall and remain practically speaking constant 
again after about 6 hours (Fig- 7). In high values before the loading, 
a relatively pronounced fall in the concentration takes place, when 
maximum primarily is reached. It is from earlier investigations evi- 
dent that this is conditioned by the renal excretion. 

■3 46116 Ahlborg 
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Tab. I. 

Plasma ascorbic acid in 5 fasting individuals during 2 to 5 hours. 
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2. The excretion curve 

On comparative investigations between the plasma concentration 
and the excretion rate on changes in the plasma concentration, one 
should on principle demand, firstly, that the excretion rate is deter- 
mined at the exact time at which the plasma sample is taken, and, 
secondly, that the time lag, arising in “renal dead space” i. e. the time 
taken by the- urine to pass through kidney and ureter to the bladder, 
is known. The first requirement can not be fulfilled, as the urine has 
to be collected through a relatively lengthy period of time. If, how- 
ever, attention is given to having the change in plasma concentration 
take place uniformly, then the mean excretion per minute during 
a certain period of time may be considered to correspond to the con- 
centration at the middle of the period. The concentration may in 
turn either be determined at exactly this time, or calculated from the 
concentration values at the beginning and the end of the period. 

The time lag in renal dead space naturally varies with the diuresis, 
and diminishes in importance in rising diuresis. As will subsequently 
be shown in another connection, it should in the here occurrent diu- 
resis not exceed 5 minutes, and as the urine is gathered under periods 
of 30 minutes, it can in these experiments be entirely disregarded. 

Experimental technic. The plasma concentration has thus 
been determined every 30 minutes under fractionated peroral loading 
of ascorbic acid; during the intervening periods the urine has been col- 
lected and analysed for the content of ascorbic acid. The procedure 
is exemplified in fig. 8. In calculating the excretion curve the mean 
concentration value of 2 successive plasma samples has been compared 
with the mean excretion per minute during the intervening period 
of time. 

The material has consisted of 24 healthy students, and the investi- 
gations have been commenced in the morning, fasting. In the be- 
ginning a catheter was used in order to empty the bladder as com- 
pletely as possible, but it soon was seen that the trial subjects at the 
diuresis in question (>5 ml/min.) had no difficulty in emptying 
their bladders completely without catheter. 

Results. The investigation revealed that the excretion at plasma 
concentration values under about 1.7 mgm per cent is minimal, and 



36 



2 4 6 

Time in hours 


Fig. 8. Plasma concentration (points) and excretion (staples) of ascorbic acid 
at fractionated peroral loading. 



12 3 


Plasma ascorbic acid mgm per cent 

Fig. 9. The excretion rate of ascorbic acid at rising plasma concentrations. 

The entire material. 
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in reality at the most reaches but 0.07 mgm per minute, the “rest- 
excretion”. At about 2.0 mgm per cent the excretion rises rather 
suddenly, but it will be seen (Fig. 9) that the variations are relatively 
large. 

On further analysis of the individual test subject’s excretion curves 
one finds in the first place rather large dissimilarities in appearance. 
The excretion curve in fig. 10 approaches in shape that which was 



Fig. 10. Excretion "urve for experiment, fig. 8. 


theoretically computed, as it at a certain value suddenly curves and 
then remains linear, while on the other side the right curve in fig. 11 
shows a considerably more uniform curvature and do not become 
linear at the plasma concentrations in question under the experi- 
ment. In addition, one finds, as is shown in fig. 11, a certain re- 
producibility of the excretion curve in one and the same individual 
at different times. 

Discussion. The investigation of the excretion curve at rising 
plasma concentrations thus reveals that ascorbic acid is a threshold 
substance with a critical excretion value of about 2 mgm per cent. 
It also shows that the excretion curve is reproducable in one and the 
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same subject on different occasions, but that large individual varia- 
tions occur. 

There is in low plasma concentrations also a minimal excretion, 
not exceeding 0.1 mgm per minute. This is the first disparity between 
the theoretically computed curve and that experimentally found 
(cf. figs. 6 and 9) but may be explained by disturbing substances. 
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Fig. 11. The excretion curve in two individuals (circles, resp. squares) on two 
separate occasions (open, resp. filled out). Time lapse between experiments 

approx, two months. 


Another difference lies in the circumstance that in the experimental 
curve the excretion rate at higher plasma concentrations does not 
immediately rise linearly, but rather gradually. In fig. 10, e. g., an 
augmentation of the excretion rate begins already at a plasma con- 
centration value of below 2 mgm per cent and the curve becomes 
linear at a plasma value of just above this. In fig. 11 (right curve), 
at a plasma concentration of above 2.5 mgm per cent no definite 
rectilinearity is as yet seen. 

Thus, however, disappears our possibility of determining an exact 
threshold value and it would seem more adequate to speak of 
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a threshold zone, which begins at that plasma concentration value at 
which the “rest excretion” passes over to an increased excretion, 
ending where the excretion curve becomes linear. 

The presence of such a threshold zone can, however, not be ex- 
plained exclusively by the assumption of a constant filtration rate 
and an absolute reabsorptive maximum. One or several other 
factors must cooperate in order to give the excretion curve the 
shape experimentally found. 

Before proceeding to seek an explanation to this difference, we 
shall, however, point to the fact that similar conditions are observed 
also at concentration balance (Ralli et al., 1938; Friedman et al., 
1940). The differences can thus not entirely be explained as depen- 
dent of the excretion being determined at rising plasma concen- 
trations. 

Shannon (1942) has for analogous conditions in glucose excre- 
tion given the following acceptable explanation: If the reabsorp- 
tive capacity in the individual nephrons is considered constant and 
equal, while the filtration rate is assumed to differ in different glome- 
ruli, then at rising plasma concentrations, the reabsorptive mechanism 
in those nephrons in which the filtration rate is greatest will first 
be saturated and thus excrete the substance. At furthermore rising 
plasma concentrations more and more nephrons will excrete the sub- 
stance, this fact being reflected in an augmentation of the excretion 
rate and thus a curvature of the excretion curve at rising plasma con- 
centrations. Not until the plasma concentration is so high that the 
maximal reabsorptive rate is reached in all the nephrons, will the 
excretion curve show a straight course. 

According to this theory the excretion curve evidently should 
reveal such a curved course whether it is determined under concen- 
tration balance or rising or falling plasma concentrations. And the 
less divergency there is in the relation filtration rate J reabsorptive 
capacity in the different nephrons, the more the curve will resemble 
that theoretically computed. The disparity in the appearance of the 
curves in figs. 10 and 11 should thus be due to the fact that for the 
test subject in fig. 10 the above mentioned divergence is less than 
for the subject in fig. 11 (right curve). 

The most important consequence of this assumption is, however, 
that a beginning augmentation of the excretion does not necessarily 
imply that the reabsorptive maximum is reached; instead this is attained 
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at a higher flasma concentration value, or, where the excretion curve 
becomes linear. If it thus comes to determining the reabsorptive rate 
with the outlined method we must ascertain that the excretion curve 
actually has a linear course and not rest content with establishing 
the fact that the excretion is determined above the plasma concentra- 
tion value, the “threshold value” at which the excretion rate shows an 
augmentation. 


3. The excretion at sudden rising of the plasma concentration 

It has been considered of interest to study the excretion at sudden 
rising of the plasma concentration from values below to values above 
the threshold zone. The object of this has primarily been to form a 
conception of the rate at which the excretory mechanism goes into 
function. 

Experimental technic. As experiment subjects were chosen 
individuals with known threshold zone and low plasma concentration 
value ( <0.5 mgm per cent). The diuresis was as usual raised to above 5 
ml per minute by peroral water administration, and thereafter, through 
a meticulously adjusted water loading, kept as uniform as possible 
throughout the experiment. After determination of the rest excre- 
tion of ascorbic acid under a number of 5 minutes periods, the ascor- 
bic acid was intravenously injected in a dose of such magnitude that 
the concentration in plasma was secured above 3 mgm per cent dur- 
ing the rest of the experiment. The injection was done very swiftly 
and exactly 5 minutes after its termination the bladder was emptied, 
and then again every 5 minutes. The urine samples were then ana- 
lysed for ascorbic acid in the usual manner. 

After the lapse of some time, when the plasma concentration had 
fallen to about I mgm per cent, the experiment was repeated and 
finally a similar experiment was carried out, after having raised the 
plasma concentration to such a degree that it before the injection 
lies securely above 3 mgm per cent. 

Results. An experiment of this type is illustrated in tab. II and 
fig. 12. With an initial plasma concentration of but 0.45 mgm per cent 
the maximum excretion does not arrive until the 5th 5 minutes period 



Tab. II. 


Tab, II. Effect of itUtoveuau* injection of tuteorWe arid on excretion at diffe- 
rent initial values of plnamn ascorbic arid. Cf. fig. 12. 
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{experiment I), with an initial plasma concentration of 1.12 in the 
3d period (exp. II) and with an initial plasma concentration above 
3 mgm per cent (exp. Ill) already in the first 5 minutes period. 

Discussion. It has been demonstrated that after an intravenous 
injection of ascorbid acid, of such a magnitude that the threshold 


.c: 



Tig. 12. Excretion rate before and after intravenous injection of ascorbic acid 
■{ 1 ) at initially low (I) and initially high (III) plasma concentrations. See tab. II. 


.zone is exceeded, the maximum of excretion is attained the earlier, 
the higher the plasma concentration has been before the injection. 

Among conceivable explanations to this retardation of the maxi- 
mum of excretion in experiments with low initial plasma concentra- 
tion values the following may be discussed: 

A. The maximum of concentration in the blood supplied to the 
glomeruli is not reached until after the 5th 5 minutes period, or si- 
multaneously with the maximum of excretion. 

There is no reason to suspect that the composition of the blood in 
the renal arteries differs quantitatively from that of the arteries of 
the finger. It appears, however, from table III that also at very low 
initial values the concentration of ascorbic acid in plasma from the 
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finger arterial blood falls at least already in the second 5 minutes 
period after an intravenous injection of 500 mgm of ascorbic acid. 
The cause must thus be sought for elsewhere. 


Tab. III. 

Plasma ascorbic acid of the finger arterial blood before and after intravenous 
injection of 500 mgm ascorbic acid. 


Experiment No. 

243 

244 

245 

Plasma ascorbic acid before injection, mgm per cent j 

1 

0.13 : 

0.27 

0.28 

» '» » 5 min. after injection 

3.33 

3.10 

3.48 

» » » 10 » » » 

2.7C 

2.31 

OO 

OO 

ci 


B. Renal dead space. Assuming an effective mixing in renal dead 
•space between the urine excreted after injection and that excreted 
prior to injection, and assuming that this space is great in relation 
to that volume of urine excreted in each period of 5 minutes it is of 
course theoretically possible that the excretion maximum may be 
displaced. Probably none of the above mentioned conditions are pre- 
sent in this experiment. A mixing of importance probably only 
takes place in the renal pelvis, which, however, in size generally does 
not amount even to 15 ml, or, that volume of urine which in each 5 
minutes period is secreted by each kidney. It has furthermore been 
demonstrated by Ribbing (1933) through experiments with roentgen 
contrast medium that the mixing which takes place in the renal 
pelvis between the urine previously excreted and that subsequently 
excreted is slight. 

Moreover, such a displacement of the maximum must be equal, 
whether the initial plasma concentration value is low or high. In 
our experiment, however, we have a difference of about 20 minutes 
between the excretion maximum at initially high and initially low 
plasma concentration. As there a priori seems far-fetched to assume 
a change in volume of the dead space in the two experiments, renal 
dead space can not be accused for the displacement of the maximum. 

G- A gradual rising of the filtration rate after injection. It has, 
in the present experiments, naturally been technically impossible 
to follow the value of the inulin clearance. On 14 test subjects, how- 
ever, the inulin clearance was determined on three different occasions 
after an intravenous injection of ascorbic acid. As appears from fig. 
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13 there was no variation of significance in inulin clearance in diffe- 
rent concentrations of plasma ascorbic acid. 

D. A gradual fall of the reabsorptive rate after the injection. In 
figs. 14 and 15 the course of events after the injection (at the time 
zero) has been reconstructed as regards the amount of filtered, re- 
absorbed and excreted substance per time unit in experiments I and 
III. The curves are drawn schematically throughout and no consi- 



Plasma ascorbic acid mgm per cent 


Fig. 13. Inulin clearance at various plasma concentrations of ascorbic acid. 
The dotted lines limit the area + 2a. 


deration to eventual time-displacements after the injection has been 
taken. 

As regards experiment III (fig. 15), it will be seen that the course 
of the filtration and the excretion curves does not contradict the 
assumption of a constant reabsorptive rate. Experiment I, however, 
(fig. 14) can not merely be explained by such an assumption. If 
nevertheless we stick to the idea of a reabsorption mechanism with 
constant maximal capacity (6 in fig. 14), we must imagine another 
reabsorption (a) being superimposed on the first one. 

Have we any means of explaining the arisal of such a superimposed 
reabsorption? As mentioned above only a portion of the tubule 
cells are told off and capable of •transferring ascorbic acid from the 
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preurine and back to the circulation. These cells are thus at the ser- 
vice of the entire organism. It is, however, reasonable to assume that 
all the tubule cells in some way or other seize a portion of the ascor- 
bic acid in the tubules without passing it on. That being the case, 
this “private” reabsorption would probably follow the laws valid 
for the absorption of ascorbic acid in the other cells of the body. 



■g- . 4 . Amount ascorbic acid filtered, reabsorbed and excreted per time unit 
ft er m travenous injection of ascorbic acid at initially low plasma concentra- 
tions. Further explanation see text. 


As regards the absorption of ascorbic acid in the corpuscles we 
have the support of rather extensive investigations. Heinemann 
(1938 and 1941) and Heinemann and Hald (1940) have been able 
to show in investigations into the distribution of ascorbic acid be- 
tween red cells and ser um of human blood that it admittedly penetrates 
to the cells, but that this passage is irreversible and is stopped at 
low temperatures. This passage therefore appears to be associated 
AVJ th some metabolic activity, and the substance seems to enter 
into an irreversible union 'with some intracellular substance or sub- 
stances. When determining the distribution ratio serum / cells at 
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rising concentrations, they found it to be smaller than unity below 
about 3.5 mgm per cent, but greater than unity above this concentra- 
tion. In high concentrations, however, the method error becomes, 
great, so that they do not venture to make any definite pronounce- 
ment as to whether there is a maximal load which cells will assume. 



Fig. 15. Amount ascorbic acid filtered, reabsorbed and excreted per time unit 
after intravenous injection of ascorbic acid at initially high plasma concentra- 
tions. Further explanation see text. 

The general trend of the observations does suggest, however, that 
the concentration in cells approaches a limit. 

We have experimentally no possibility of similarly investigating 
the distribution between preurine and tubule cells, but if the same laws 
hold good for this distribution also, then the consequence should be 
that at rising concentrations a certain amount is stored in the tubules 
over and above that reabsorbed by the “public cells”. The reabsorp- 
tion rate should thus be augmented at rising concentrations in the 
preurine, while one in falling concentrations only should find the 
ordinary reabsorption and no superimposed reabsorption or tubular 
“excretion”. 
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The consequence of this would in turn be, that the threshold zone 
should lie higher at rising than at falling plasma concentrations. That 
this is the case for ascorbic acid is apparent from the experiment 
illustrated in fig. 16. That it holds good for glucose has long been 
acknowledged (Hansen, 1923; Hatlehol, 1924; Sakaguchi et al., 
1924; and others) and has by Peters and Van Slyke 1931, inter alia > 



T* 1 . 6 ex cretion at rising and falling plasma concentrations of ascorbic 
acid. At rising concentrations the excretion sets in at approx. 2 mgm per cent, 
at falling it still continues at approx. 1.6 mgm per cent. 


been interpreted as caused by the kidney’s storage of the substance 
in question. 

The displacement of the excretion maximum in the experiment 
in fig. 12 may apparently until further be explained acceptably as 
conditioned by a relatively greater reabsorption rate at initially low 
plasma concentrations (experiment I) than at initially high plasma 
concentrations (experiment III). This contribution to the reab- 
sorptive rate in the former case would in turn be conditioned by a 

private” reabsorption, designed to supply the kidney itself with, 
ascorbic acid. 
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4. Conclusions 

The experimentally determined, excretion curve for ascorbic acid 
thus deviates from the theoretical curve, partly owing to the presence 
of a threshold zone, and partly because of differences at rising and 
falling plasma concentrations. None of these deviations, however, 
necessarily exclude that the filtration rate is constant nor that there 
is a maximal reabsorptive capacity, but may be explained by diver- 
gencies in the relation filtration rate / reabsorptive capacity of the in- 
dividual nephrons, and the kidney’s power apart from the usual 
reabsorption to absorb ascorbic acid •without rendering it to the cir- 
culation at rising plasma concentrations, respectively. 

For determination of ascorbic acid T m from the excretion curve 
the influence of these factors must, however, be eliminated in some 
way or other. As has been mentioned above there is a possibility 
that the tubule cells do not render the stored ascorbic acid to the 
urine at falling plasma concentrations, and that therefore by such 
a methodic the latter of the disturbing factors may be eliminated. 
T m should accordingly be determined at falling plasma concen- 
trations. To eliminate the former factor it is necessary to work 
with plasma concentrations above at least 2 mgm per cent and 
to ascertain that the excretion curve actually has a linear course. 


5. Summary 

1. The excretion rate of ascorbic acid at rising plasma concen- 
trations between 0 and approximately 1.7 mgm per cent is very 
low and amounts at the most to 0.07 mgm per minute. 

2. Between approximately 1.7 and 2.5 mgm per cent the excretion 
curve rises suddenly (the threshold zone), subsequently becoming 
straight. The excretion curves, however, show large individual va- 
riations. 

3. The threshold zone lies higher at rising than at falling plasma 
concentrations. 

4. The excretion curve is to some extent reproducable in one and 
the same individual. 

5. The established characteristics of the excretion curve may be 
explained by the assumption of a constant filtration rate and an abso- 
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lute limited reabsorptive capacity, also assuming that the relation 
filtratio?i rate j reabsorptive capacity is different for different nephrons 
and that the kidney itself at rising plasma concentrations stores 
ascorbic acid. 

6. For determination of the maximal reabsorptive capacity accord- 
ing to the hypothesis the excretion curve at high falling plasma con- 
centrations appears to be expedient. 


4—46116 Ahlborg 
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The determination of maximal reabsorptive rate 
and of filtration rate 


A working hypothesis was above suggested according to which 
it should be feasible to calculate the maximal reabsorptive rate — 
T m — for ascorbic acid, if the plasma concentration — P — and, 
simultaneously, the excretion rate for the substance in question — 
S — were determined at various values of P. In addition, a value 
for the filtration rate in the glomeruli — F — would at the same time 
be obtained. 

On the basis of the argumentation in the foregoing section expe- 
riments have been done at high falling concentrations after an initial 
dose of ascorbic acid to investigate whether the thus obtained ex- 
cretion curve is straight, and to determine the equation of this curve. 


1. Experimental technic 

As has been pointed out above the threshold zone lies on an average 
at about 2 mgm per cent at rising plasma concentrations, with a 
somewhat higher upper limit. At falling plasma concentrations, on 
the other hand, the threshold zone should be somewhat lower, and 
in seeking for the upper limit for the threshold zone in such cases 
the plasma concentration value immediately above 2 mgm per cent 
should be the most appropriate. We have therefore investigated the 
excretion curve within the zone 4 to 2 mgm per cent. 

As in the case of several other substances the plasma concentration 
curve for ascorbic acid after an intravenous injection first shows an 
immediate rise and then a rather sudden fall, probably conditioned 
by the distribution to the intra- and intercellular fluid and by the 
renal excretion. After about 45 minutes the curve becomes somewhat 



smoother and we then have optima] conditions for comparative in- 
vestigations between the plasma concentration and the excretion 
rate. 

Empirically it has been found that if the plasma concentration 
primarily is raised by peroral loading to about 2 mgm per cent, af- 
ter which 1 gram of ascorbic acid is injected intravenously, the plasma 
concentration one hour after injection will lie at about 4 mgm per 
cent, later falling to about 2 mgm per cent within the next 3 to 4 
hours. The determinations should accordingly be done during this 
period of time. 

For these determinations a somewhat different technic has been 
used than in the experiments at rising plasma concentrations. In 
order to obtain as accurate values as possible the plasma concentra- 
tions have thus been determined in the middle of the excretion period 
and certain considerations have been taken in regards to renal dead 
space. In the foregoing part it was pointed out that the dead space 
of each kidney probably in no normal case exceeds 15 ml. With a 
diuresis of above 5 ml per minute the time displacement due to renal 
dead space should accordingly not surpass 3 minutes, and the blood 
samples are therefore in the present tests taken 3 minutes before the 
middle of the period. 

It was from the beginning our intention to determine the inulin 
clearance for each period simultaneously with the ascorbic acid in- 
vestigation. It proved, however, impossible with moderate doses 
to keep up the concentration of inulin in plasma long enough to ob- 
tain reliable values for clearance 3 to 4 hours after injection. In 
experiments covering more than 2 hours the inulin clearance has 
accordingly been determined only during the first 2 hours. 

As test subjects 17 male students without history ox present evi- 
dence of renal pathology were employed. Objective tests of their 
renal condition consisted of albumin tests, investigation of sedi- 
ment, blood pressure, etc., and in the majority of the cases of inulin. 
clearance. As previously mentioned an inulin clearance value of 
about 120 ml per minute is in the literature quite unanimously con- 
sidered as normal, and since we from our original material have eli- 
minated 3 test subjects, the one with a value of above 180 ml per mi- 
nute, the others with values below 75 ml per minute, the values of 
the remaining vary but within 105 and 148, which we consider nor- 
mal (see Hogeman, 1943). In 4 of the experiments the inulin deter- 
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mination was unsuccessful (Exp. No. 200, 203, 213 and 216). For 
the subject in exp. 200 the inulin clearance was determined some 
days before the experiment and was found to lie within the above 
mentioned variation. 

The day prior to the experiment the test subject was given so 
much ascorbic acid — 2 gm per os — that the excretion rate amounted 
to more than 0.1 mgm per minute before the beginning of the experi- 
ments. These have begun early in the morning, the test subject fasting 
and after having rested one hour after arrival to the laboratory. 
During the experiments he has only risen for having samples taken. 


Tab. IV. 

Experiment No. 214. 

Name: N. D. W. Age: 24. Length: 187 cm. Weight: 72 kg. 

Correction factor: 0.86. At 10 12 injection of 5 gr inulin and 1 gr ascorbic acid i. v. 


Period 

No. 

Time 

Urine 

ml 

Ascorbic acid 

Inulin 

Plasma 
mgm per 
cent 

Urine 
mgm per 
min. 

Plasma 
mgm per 
cent 

Urine 
mgm per 
min. 

Clearance 
ml per 
min. 

■ 

m 

Bladder 






Ht 

111 

emptied 

4.41 


12.0 




wEM 

370 


3.91 


17.2 

143 

2 

13 


3.78 


7.3 




■m 

480 


3.01 


11.1 

152 

3 

12 12 


3.36 


5.5 




1 2 3° 

275 


2.20 


7.4 

135 

4 

12« 


2.98 





■■ 

l 3 oo 

250 


2.03 





The blank samples having been taken, inulin and ascorbic acid 
were injected intravenously: 0.5 gm ascorbic acid in the first 6 ex- 
periments and in the remaining 1 gm — of inulin generally 5 gm. The 
further course of the experiment is apparent from table IV. 


2. Results 

The material, collected from 17 experiments with in all 84 indivi- 
dual determinations, is combined in table V. The given values for 
S have been corrected to be valid for a body size of 1.73 m 2 according 
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Tab. V. 

Results of comparative investigations on plasma ascorbic acid and excretion 
rate after intravenous injection of 500 (No. 200 — 205) or 1,000 (No. 206 — 216) 
mgm ascorbic acid. Material consists of 84 single determinations on 17 healthy 
individuals. First determination 1 hour after injection, thereafter each 30 
minute (cf. tab. IV). Excretion rate corrected to be valid for a body size of 
1.73 m 2 (see foot-note, page 31). Tm ~ maximal reabsorptive rate, F = filtra- 
tion rate, calculated from the excretion curve, in mgm and ml per minute, rosp. 
P T is the value of P when equals 0. 
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(Tab. V, cont.) 


213 

3.57 

8 f 8 

2.60 

0.90 

2.25 





3.11 

8.7 

1.92 


1.73 





2.73 

5.7 

1.45 


1.31 





2.60 

6.0 

1.22 


1.10 





2.44 

3.3 

1.07 


0.96 

1.9 ±0.07 

116 + 2 

1.6 

214 

4.41 

12.3 

3.91 

0.86 

3.36 





3.78 

16.0 

3.01 


2.59 





3.36 

9.2 

2.20 


1.89 





2.98 

8.3 

2.03 


1.75 

1.9 + 0.65 

119± 15 

1.6 

215 

4.03 

11.1 

3.73 

0.94 

3.51 





3.40 

6.2 

3.00 


2.82 





2.90 

12.2 

2.43 


2.28 





2.77 

14.9 

1.98 


1.86 





2.60 

13.1 

1.56 


1.47 





2.31 

9.4 

1.41 


1.33 

1.8 + 0.40 

133± 14 

1.4 

216 

3.96 

14.0 

3.22 

0.98 

3.16 





3.12 

13.5 

1.89 


1.85 





2.59 

11.8 

1.28 


1.25 





2.35 

6.5 

0.81 


0.79 

2.6±0.15 

144±5 

1.8 


to principles mentioned above. The values of the plasma concentra- 
tion vary, as will be seen, from between 4.60 and 1.93 mgm per cent 
and the values of the excretion rate between 4.44 and 0.51 mgm per 
minute. The diuresis which through an iterated water administration 
is kept as constant as possible, shows, in spite of this, relatively large 
variations in some cases but no correlation between the diuresis and 
any other registered factor has been observed. 

Statistical treatment. In order to judge whether the excre- 
tion curve at the here employed plasma concentrations is straight 
and hence applicable for determination of T m and F, the author has 
subjected the combined material to a statistical examination and 
calculated the equation for the straight line of regression according 
to the general formula 

y = a 0 + a 1 x; (4) 

where a 0 and a x are the regression constants. In the present case x 
represents the plasma concentration (P) and y the excretion rate ( S ). 
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One must, however, be positive that the material is suitable for 
a combination. In calculating the straight lines of regression for each 
individual experiment the author has obtained the regression con- 
stants and their mean errors reproduced in table VI. From these 
appears that the various lines of regression have, on the whole, a 
similar course, wherefore it seems justifiable to combine the material 


Tab. VI. 


Regression constants and their mean errors in calculating the straight lines of 
regression for each individual experiment. • 


No. 

n 

a 0 ± £ (o 0 ) 

a i ± e(n,) 

200 

4 

— 2.14±0.908 

1.20±0.371 

201 

4 

— 1.89 ±0.292 

1.21 ± 0.117 

202 

4 

— 1.55±0.147 * 

1.21 ±0.069 

203 

5 

— 1.87 ±0.219 

1.25±0.093 

204 

4 

— 1.05 ±0.230 

1.15± 0.082 

205 

4 

— 2.29±0.615 

1.27 ±0.242 

20G 

0 

-2.62± 0.252 

1.49 ±0.080 

207 

5 

-2.05 ±0.504 

1.39±0.168 

208 

7 

— 2.50 ±0.230 

1.24 ±0.065 

209 

6 

— 2.41 ±0.346 

1.35±0.1I5 

Mill 

0 

-2.64 ±0.265 

1.63 ±0.083 

211 

4 

— 2.03 ±0.570 

1.15± 0.173 

212 

0 

-2.80 ±0.476 

1.43±0.155 

213 

5 

— 1.88 ±0.065 

1.10± 0.022 

214 

4 

— 1.92 ±0.545 

1.19±0.148 

215 

0 

— 1.78 ±0.400 

1.33±0.135 

210 

4 

— 2.56 ±0.1 50 

1.44±0.051 


from the individual experiments to one single large population (n = 
84) and to calculate the straight line of regression for the entire ma- 
terial. The equation is thus calculated 

y — —2.04 + 1.26 x; (5) 

where the regression constant a 0 =— 2.04 + 0.19 and a 1 = 1.26 
± 0.06, while the correlation coefficient is -f 0.91 + 0.018. 














If, however, nn attempt is made t-o smooth the material with a 
parabola of second degree no significant curvature is obtained. 

Ascorbic aCid T n . From the statistical computation it thus ap- 
pears that the excretion curve for ascorbic acid within the plasma con- 



t'g* 17. Excretion curve for intilin (left) nml ascorbic acid (right) at falling 
plasma concentrations in one and the samo material. » = 40 and 84. reap. 
Equations of tho regression lines: 

Sj n = 0.22 +1.21 P Jn ; resp. S„ Atc = - 2.04 + 1.20 P J!Atc . 


centration zone in question may be considered straight. In fig. 17, where 
a h the individual determinations are furnished, the position of this 
line of regression is reproduced. On scrutiny of the position of the 
individual points around this line one is, however, struck by the fact 
that the uppermost points are rather far outside and to the left of 
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the line, which may lead to the suspicion that the line has a slight 
curvature upwards at high values of . plasma concentration. In order 
to further investigate whether, this really is the case the excretion 
curves for the experiments to. which the involved points belong have 



12 3 4 5 

Plasma cone, mqm per cent 

Fig. 18. The excretion curves of exp. 200 and 210. Equations of the regression 
lines: S BAle - -2.6+ 1.49 P„ Ate ; and S nA , e = - 2.C + 1.63 P BMt . 

been reproduced separately (fig. 18). As null be seen there is no pos- 
sibility of letting the regression lines of these points be a curved one, 
as the straight line also here smooths the points satisfactorily. 

The involved points’ position outside the smoothing line is instead 
rather due to the fact that the two individual smoothing lines in 
question (experiments 20G and 210) have less inclination — i. e. 
have a higher a x — than the majority of the others. 
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The straightness of the excretion curve within the plasma concen- 

!° n , Z ° ne ^ P er cent at falling plasma concentrations 
must, however be considered as a strong support for the assumption 

’ ° f Vamtl0ns in the P Iasma concentration independent, 
fate ' ^ P reseni met hodics the fro-posed working 

hyp hens thus apparently holds good and the requirements are found for 

and m Tr ^ ^ ^ ° f tU maximal reabsorptive rate, ascorbic acid T m , 

/ ration rate F, according to the previously outlined method. 

is the ™ 8 ? he Ca,culations > P a gc 18, the regression constant a 0 
“a”™ eXPteSSi0n (0r r “ will b, expressed 

Thus hr Ih '"“, S " e aS excrction rate > ’■ e- in mgm per minute. 
mgm \ m ,J n ™ e " e , " a,erUd <* = ascorbic acid T„ = 2.0 ± 0.19 

4 til" POi ”! ed ° Ut th °‘ the Va,ues ha ™ b “" corrected accor- 
s Sot I’™* 1 '* “> S°°i for an “idea!” body 

Multiplied wifi fi? n * at correct, l° n factor obtained has been 
of T an( r p L , t G excre ^ 10n ra ^ e > which in turn leads to a correction 
by such a co * f° W m ’ ^ owever ’ m practically not at all influenced 
2.2 + 0 18 t. 60 10n ’ as f° r the uncorrected material gives the value 
value and tit lm ™ e ja^ly appears that the difference between this 
definitely nr,* ^ ^° r c °rrected material is inconsiderable and 

correction fa lcard! ‘ This is best explained by the fact that the 
0.91 ° r genera11 ^ Iies ver 7 ^se to 1 with a mean value of 

The * 

an extremel J a ^ ue the maximal reabsorptive capacity shows 
Mined at ^ 8 °° accordance with the corresponding value deter- 
al. (19401 £° ncea tration balance. As earlier mentioned Sherry et 
stunt su aVC mve£ tig a tcd the maximal reabsorptive rate at con- 
thereb ** ^ ascor b* c add and at concentration balance. It was 

1 2 to 2 ° Un< * ^ lat t ^ le human kidney was capable of reabsorbing 
Ml oi 1 ^ mgm asc °rbic acid with an average of 1.7 mgm per 100 
per 8 omeru l a r filtrate, or — with a filtration rate of, say, 120 ml 
j n ^ nu t e a capacity of about 2 mgm per minute, 
the fn ° f ^ le ex P eriments or during altogether 40 periods of excretion 
(table VTT 1011 rate WaS determined b y aid of inulin clearance 
the reab ^ HerC ’ b°wever, an opportunity is afforded to determine 
throj h S< f PtlVe rate for each P eriod according to the equation (2), 
and th the ValUG ° f the P lasma concentration, the filtration rate, 

G excf etion rate. In such a determination, it appears that the 
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Calculation of reabsorptive rate of ascorbic acid from plasma concentration, excn 

see foot-note page 31. Regarding oxper 


Exp. 

No. 

Body size 
corr. fact. 

Diuresis 
ml per minute 

Inulin 

Plasma cone, 
mgm per cent 

Excreted 
mgm per 
minute 

Clearance 
ml per minute 
(reduced) 

201 

0.91 

14.6 

10.4 

14.4 

126 



14.6 

8.9 

12.3 

126 



14.9 

7.4 

10.9 

134 

202 

0.98 

6.7 

9.0 

12.5 

136 



7.8 

5.6 

7.0 

123 



9.7 

4.8 

6.0 

123 

204 

0.96 

16.3 

12.3 

18.8 

147 



16.2 

9.2 

11.2 

117 



15.7 

6.6 

8.5 

124 



14.3 

5.4 

6.7 

119 

205 

0.91 

0.8 

8.3 

10.7 

117 



14.3 

6.0 

8.2 

124 



7.6 

3.7 

6.0 

148 

206 

0.97 

14.2 

12.3 

15.6 

123 



8.8 

8.5 

9.4 




10.5 

5.6 

8.1 

140 

207 

0.96 

11.5 

11.1 

13.4 

116 



14.5 

7.5 

10.0 

128 



15.3 

5.6 

7.3 

125 



14.9 

4.5 

6.2 

132 

208 

0.90 

7.8 

12.0 

14.3 




8.4 

8.2 

10.4 

114 



11.3 

6.0 

9.3 

139 

209 

0.81 

10.2 

7.6 

11.7 

125 



0.0 

5.0 

9.8 

105 



10.3 

3.0 

4.9 

132 

210 

0.93 

8.1 

6.2 

8.7 

131 



11.2 

4.5 

5.8 

120 



11.5 

3.6 

4.9 

127 

211 

0.97 

11.7 

7.0 

10.1 

124 



11.2 

5.3 

6.6 

121 

212 

0.83 

19.0 

10.0 

16.7 

139 



15.2 

8.6 

10.8 

105 

! 


10.3 

5.3 

8.0 

125 

! 214 

0.80 

12.3 

12.0 

17.2 

123 

\ 


16.0 

7.3 

11.1 

131 



9.2 

5.5 

7.5 

116 

215 

0.94 

11.1 

10.7 

14.4 

127 



6.2 

8.9 

10.4 

110 

- 



12.2 

6.6 

8.5 

121 









tion rate and filtration rate (inulin clearance). Regarding the reduction of the values 
mental technic see tab. IV, page 52. 


Ascorbic acid 


Plasma cone, 
mgm per cent 

i 

Excreted 
mgm per minute 
(reduced) 

Filtered 

mgm per minute 
(reduced) 

Reabsorbed 
mgm per minute 
(reduced) 

2.80 

1.50 

3.53 

2.03 

2.51 

1.10 

3.16 

2.00 

2.39 

0.98 

3.20 

2.22 

2.73 

1.74 

3.71 

1.97 

2.31 

1.23 

2.84 

1.61 

2.02 

0.94 

2.49 

1.55 

3.28 

2.15 

4.82 

2.67 

2.90 

1.66 

3.39 

1.73 

2.64 

1.35 

3.27 

1.92 

2.35 

1.08 

2.80 

1.72 

2.90 

1.41 

3.39 

1.98 

2.52 

0.99 

3.13 

2.14 

2.44 

0.09 

3.61 

2.92 

4.00 

4.22 

5.66 

1.44 

3.62 

2.76 

3.87 

1.11 

3.15 

2.28 

4.41 

2.13 

3.57 

2.88 

4.14 

1.20 

3.11 

2.35 

3.98 

1.63 

2.98 

2.00 

3.73 

1.73 

2.05 

1.71 

3.50 

1.79 

4.36 

3.04 

4. 07 

1.63 

3.82 

2.10 

4.30 

2.20 

3.;>2 

1.87 

4.89 

3.02 

3.86 

2.91 

4.83 

1.92 

3.3 2 

1.98 

3.49 

1.51 

2.44 

1.10 

3.22 

2.12 

3.61 

3.17 

4.73 

1.50 

3.06 

2.42 

3.67 

1.25 

2.69 

| 1.68 

1 3.42 

1.74 

3. S3 

i 2.41 

! 4.75 

2.34 

3.48 

1.85 

| 4.21 

2.36 

3.86 

j 2.87 

i 5.37 

2.50 

3.40 

1.93 

| f 

1.6! 

3.11 

j 1.48 

3. SO 

2.41 

4.41 

3.36 

! 5.42 

2.96 

3 .78 

2.59 

4.95 

«.3r. 

3.30 

1.89 

3.91' 

1 


Notes 


Only 3.5 gm 
inulin inj. 


Only 3 gm 
inulin inj. 


j Only 4 gm 
! inulin inj. 


! 

1 

i 
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reabsorptive rate of the entire material shows variations between 
0.9 and 3.0 mgm per minute, but that these variations generally are 
conditioned by variations in inulin clearance. As we, however, do 
not know the absolute method error in determining the inulin clea- 
rance, no conclusions can be drawn from a possible correlation between 
the filtration rate and the reabsorptive rate. No positive correlation 
between the plasma concentration and the reabsorptive rate for ascor- 
bic acid is to be found. The extension of P in these experiments is, 
however, too small to attribute it any importance in these cases. The 
mean value for the reabsorptive rate, determined in this manner will 
be 1.9 + 0.08 mgm per minute (n = 40) and no positive difference 
between this value and that previously obtained by determination 
through ascorbic acid T m will be found. 

Filtration rate. According to the working hypothesis the filtra- 
tion rate — F — may be determined directly from the excretion curve 
for ascorbic acid (p. 18), inasmuch that at a constant filtration rate 
the amount of filtered ascorbic acid per unit time is directly pro- 
portional to the plasma concentration. At a constant reabsorptive 
rate the filtration rate will be expressed by the inclination of the ex- 
cretion curve, which in turn may be expressed by tga, (Fig. 1, p. 19) 
or by the regression constant a v If thereby P is expressed in mgm 
per cent and F in ml per minute then the value of F in ml per mi- 
nute will be obtained by the multiplication of a x with 100. From equ. 
(5) is then obtained the mean filtration rate for the entire material 
equal to 126 + 6 ml per minute. (For the uncorrected material = 
138 + 6 ml per minute; difference 12 + 8, and thus not significant.) 

This value, which lies between the mean values for inulin clearance 
found by Hogeman (1943) and by Josephson and Lindahl (1943) 
does not differ significantly from either of these values. Neither does 
it differ from the here calculated mean value for inulin clearance, as 
derived from the excretion curve for inulin (fig. 17). The equation 
for this curve is namely: 

S, n = 0.22 + 1.21 P In ; (6) 

As the regression constants will be 0.22 + 0.44 resp. 1.21+0.06, 
it may be seen for one thing that the line extended towards the 
x-axis has no significant deviation from zero, and for another that 
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the filtration rate, for the entire material averages 121+6 ml per 
minute, which same value is in close agreement with, and in no wise 
significantly different from, that calculated from the ascorbic acid 

curve. 

The value of F — 126 ±6 ml per minute — calculated from the ascor- 
bic acid curve may thus apparently icell be used as an absolute measure 
for the filtration rate in glomeruli. 

■is corbie acid P T . The intersection of the extended excretion 
curve and the z-axis, i. e. the value of P when S equals 0 is of interest 
in that this value -P T - indicates the relation between the kidneys 
total reabsorptive capacity and the total filtrative rate It is, in 
other words, the theoretical threshold value of the kidneys and 
amounts on an average to 1.6 mgm per cent. From table V it further 
appears that this value is fairly constant in different individuals, 
only varying between 1.3 and 2.0 mgm per cent. 


3. Discussion 

The established straightness of the excretion curve at falling : 
concentrations within the present concentration zone, and to vatas 
obtained for the reabsorptive rate and the hltrat.on rate mv al the 
it in principle is possible to apply the method.es as “ comb “^ I “ 
function tost. The practical availability, on he other 
naturally be dependent on the size of the standard em * 

It is evident that the method described above, the unm d,ate purpose 

of which was to establish the form of the 

at the same time being taken to the ““ on 

determination - is not to be considered as dnect surtable 

'‘t is, however, of the greatest 

boration of the methodics to know obserrations and the 

thus particularly the error of q variat ion should be 

point at which the limits for P Y • e the f acto rs contn- 

drawn, and also, as far as possi , ^ not s0 muc h the re- 

butrng to the source of this err • is 0 f interest, 

lation between —^ttegmstion constants, giving the 
but rather the variation of the b 
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values of T m and F. Under such circumstances it seems justifiable 
to determine the mean values and the mean errors of the individual 
T m and F in the usual way, on the basis of the values obtained for 
the regression constants. 

It appears from the table that the number of observations on which 
the individual T m and F are based, vary, and that the mean errors 
for the individual T m and F also vary. It may accordingly seem justi- 
fiable to attach differing weights to the different values of T m and F. 
As appears from table VIII, however, it is of no importance whether 
calculating with weighted or not weighted means and we may, by 


Tab. VIII. 

Mean value of Tm and F calculated from weighted and not weighted means 
(tab. VI, page 66). In the first case the same weight is attached to each indi- 
vidual value of Tm and F. In the second case the values of Tm and F ore 
weighted with the number of observations on which are based each individual 
value. In the third case consideration has been taken to the mean error of each 

individual value. 


V 

Tm 

F 

M ± e(M) 

a 

M ± e(M) 

a 

17 

— 2.1510.065 

mm 

13013.5 

±14 

84 

— 2.19 + 0.095 

1 

13113.7 

±15 

342 

— 2.06±0.097 


13114.0 

±16 


way of example, for the further discussion adopt a mean reabsorptive 
capacity of 2.1 mgm per minute and a mean filtration rate of 131 ml 
per minute. The calculated standard deviation for these will be 
approximately +0.4 and +15, respectively and the border values 
for the maximum reabsorptive capacity ( + 3 a) will lie at approxima- 
tely 3.3 and 0.9 mgm per minute and for the filtration rate at 176 
and 86 ml per minute. 

The error found may seem great, particularly as regards the error 
of T m . This, however, is to some extent explained by the position of 
T m in relation to the median point of the curve (see graph, fig. 18, 
p. 58). 

Before attempting to analyze the cause of the systematic errors 
contributing to the standard error, it should be stressed that the 
straighness obtained evidently does not exclude the possibility of 
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real variations in the reabsorptive rate or in the filtration rate, vari- 
ations which thus are concealed in the found standard error. We 
have, however, no possibility whatsoever, if actually there be vari- 
ations, of directly ascertaining their values and must therefore instead 
to the furthest possible extent clear up other disturbing factors con- 
tributing to the source of standard error, subsequently establishing 
whether or not it is significantl}' influenced thereby. 

It should first of all be possible to diminish the systematic error 
in analysis, thereby including the error arising in the analysis of 
blood samples. That such an error occurs is inter alia evident from 
i. e. the experiments 200 and 209 (p. 53). It is probable that these to 
the greatest part are rather due to the haste in taking samples, oc- 
casioned by the inulin clearance determination simultaneously done, 
than to errors committed in the chemical determination of the ascor- 
bic acid. 

Those simplifications of the methodics which always must be 
made in computations of the excretion rate at falling plasma concen- 
trations are with certainty the greatest source of error. The demand 
that the test subjects at the exact time and completely are to empty 
the bladder will often be difficult to fulfill; there may be a time dis- 
placement of one or several minutes and urine may remain in the 
bladder from one period to the next. The error arisen in one period, 
however, is generally compensated for in the next period, which in 
certain instances may explain the fair mean value of the regression 
constants in spite of the large mean errors. This error can hardly be 
eliminated, but it diminishes with the number of determination pe- 
riods. It also appears from table V that, as was expected, the mean 
error generally is considerably larger in experiments with but 4 pe- 
riods of excretion than with 5 to 7. It therefore at present seems in- 
dispensable to maintain a requirement of approximately 6 periods 
of determination. 

The division of the investigation into half-hour periods brings 
about that the points on the excretion curve do not lie equally distri- 
buted along it, lying closer the more the plasma concentration falls; 
this in turn brings about that the various points have unequal weight 
in determining the line of regression. As is seen from table V the mean 
difference between the plasma concentration in the first and second 
periods will approximately be 0.5 mgm per cent, while it for instance 
in the fourth and fifth period only will be approximately one-half 

5-4GUG Ahlborg 
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that amount. In order to attain a more uniform distribution of the 
points, thereby diminishing the systematic error, the length of the 
periods should successively be increased. 


The methodics for determination of the tubular reabsorptive ca- 
pacity and the glomerular filtration rate in man, the premises of 
which we have studied in the present investigations, and the appli- 
cation of which on physiological and clinical material will be dis- 
cussed in another connection, have, in accordance with the argumen- 
tation stated above, the following appearance: 

The day prior to the investigation a minimum of 2 gm of ascorbic 
acid is administered perorally, and one hour prior to the beginning 
of the experiment, 1 gram is further given intravenously. Peroral 
water administration, in order that the diuresis if possible may lie 
at approximately 5 ml per minute. One hour following injection the 
bladder is emptied, voluntarily or by catheter, after which the urine 
is collected during 6 periods of time of increasing length, i. e. approxi- 
mately 20, 20, 25, 30, 35, and 40 minutes. Approximately 3 minutes 
before the middle of each period a sample for the plasma ascorbic 
acid determination is taken. Analyses and calculation of T m and F 
according to the methodics described above. 


4. Summary 

In the present section it has experimentally been established: 

1. That the excretion curve for ascorbic acid at falling plasma con- 
centrations within the concentration range 4 — 2 mgm per cent may 
be considered straight, the conditions required for calculation the 
maximum reabsorptive capacity and the filtration rate thus being 
present. 

2. That the thus calculated reabsorptive capacity of 17 healthy 
test subjects had a mean value of 2.1 + 0.10 mgm per minute. 

3. That the simultaneously calculated filtration rate was 131 + 
4 ml per minute, these values individually being in good agreement 
with previous and by other methodics obtained values. 
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The above (Section II) propounded working-hypothesis thus seems 
to be experimentally proven, the premises for simultaneously deter- 
mining the glomerulus function and the proximal tubule function 
from the ascorbic acid excretion curve accordingly being found. 



VI 


On the theories of the reabsorption mechanism 


Although, many investigations still will be required before we have 
a definite picture of the quantitative conditions at renal excretion 
of ascorbic acid, we already have a possibility of forming a concep- 
tion as to how this excretion on the whole takes place. On the basis 
of earlier and present data it should be feasible to reconstruct the 
excretion curve under different conditions in approximately the 
following manner: 

1. At concentration balance, i. e. in determining the excretion rate 
after the plasma concentration has been constant for some time, 
the excretion rate is very low but rising at plasma concentrations 
between 0 and approximately 1.5 mgm per cent. Above this value 
the curve rises suddenly, becoming straight at an individually vari- 
able higher value. 

The form of this curve is satisfactorily explained under the assump- 
tion of a constant total filtration rate and an absolutely limited, to- 
tal reabsorptive capacity, assuming that the relation filtration 
ratefreabsorptive capacity is variable for different nephrons. 

2. At contimiously rising plasma concentrations the course of the 
curve is on the whole analogous to that at concentration balance, 
with the exception that the marked increase in the excretion rate 
sets in at a higher plasma concentration value. 

This should be due to the storage of ascorbic acid in the kidney 
cells, this ascorbic acid not being given off to the circulation. 

3. At falling plasma concentrations the excretion curve above 
approximately 2 mgm per cent is straight, but its further course is 
as yet questionable. Certain observations, however, indicate that it 
is in agreement with the curve at concentration balance. 

According to this we should thus in the tubules have two distinct 
reabsorptive mechanisms, the one supplying ascorbic acid to the tu- 
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bules own cells, the other distributing the large amount of filtered 
ascorbic acid to the entire organism. 

Regarding the laws governing the former process we are as yet 
ignorant, but we have reason to assume, as pointed out in the fore- 
going, that it takes place in approximately the same manner as does 
the reabsorption of ascorbic acid in the other cells of the body. It 
is also reasonable to assume that this reabsorption is limited in as 
much that only a certain amount of the substance is absorbed. At 
saturation this reabsorption should accordingly not be a source of 
error m quantitative determinations of the other reabsorptive process. 

As to the specific reabsorptive process, on the other hand, directed 
towards giving off the filtered ascorbic acid to the circulation, we 
can with some certainty determine that it is associated to a definite 
part of the tubules, i. e. the proximal part, that it has an absolute 
maximal limitation, and that finally, before the maximum capacity 
is fully reached, the reabsorption is practically complete. 

It seems at present out of question to draw any definite conclusions 
in regards to the reabsorptive mechanism from the present data. 
It has, however, repeatedly been stressed that ascorbic acid, as re- 
gards its tubular reabsorption, behaves much as glucose, and we may 
therefore consider it justifiable to transfer our experience from the 
latter substance to apply also to the former. It has further been poin- 
ted out that the tubular excretion also quantitatively seems to mirror 
the reabsorption and we may thus possibly gather information also 
from this process. 

In regards to glucose the fact that urine normally is practically 
free from glucose indicates that the substance in question must be 
reabsorbed against a concentration gradient. This is, however, by 
no means a surprise, as it has been possible to demonstrate that the 
intestinal reabsorption of glucose also takes place against a concen- 
tration gradient (Vekzar, 1935; BArany and Sperber, 1939). 
The reabsorption must therefore be regarded as an active process and 
the energy for this obtained from a local cellular metabolism. 

It is true that glucose appears to be that carbohydrate most avidly 
reabsorbed, but the reabsorptive mechanism does not seem to se- 
lect particularly this specific and for the body indispensable carbohy- 
drate, other hexoses and even pentoses also apparently being reab- 
sorbed. Thus, Hober (1933) in perfusion experiments in frog found 
the following order of reabsorptive rate: glucose)galactose>mannose 
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>fructose>xylose>arabinose. Now not only does a difference in the 
reabsorptive rate seem to be present at exclusive administration of 
the various substances in question, but it has also been demonstrated 
that i. e. glucose completely and reversibly blocks the reabsorption 
of xylose (Shannon, 19B8), which gives us reason to suspect that the 
mechanism is common for these substances. Analogous observations 
have also been made regarding glycine and creatine (Pitts, 1943) 
and others. 

In endeavouring to explain this phenomenon and also the fact 
that the reabsorption has a fixed upper limit Shannon (1939 and 
1942) — originally for the opposite condition in tubular excretion — 
built up a theory of the tubular mechanism, basing it on a hypo- 
thetical chemical process in the tubule cells. He assumes, first, that 
in the sequence of reactions that result in its transfer, the solute en- 
ters into reversible combination with some cellular element which is 
present in a limited amount, and, second, that the decomposition 
of this complex limits the further progress of the solute. Thus there 
are required two consecutive reactions: 

A + B 5=i AB -+ Tr + B 

tubular cellular cellular distal liberated 

substance eloment complex substance cellular 

element 

In order to arrive at a maximal rate of transfer under these cir- 
cumstances, the second process must be a first order process, its 
rate slow in relation to the rate of attainment of equilibrium in 
the first. 

In order to explain Ihe fact that certain substances block the re- 
absorption of other substances he further assumes that the compo- 
nent B is common for these but that the one substance excludes the 
other in the competition for this carrier substance. As regards phlo- 
rizin’s capacity completely to block the reabsorption of glucose he 
suggests that this is due to the fact that phlorizin enters into compe- 
tition with glucose for the transport mechanism and displaces glu- 
cose from it in much the same way that glucose can exclude xylose. 

Shannon’s hypothesis may undoubtedly be a satisfactory explana- 
tion of the absolute limitation of the reabsorptive rate and possibly 
also of the fact that one substance blocks the reabsorption of another. 
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but it says nothing of how the substance dissolved in tubular fluid 
comes into definite contact with this carrier substance. 

Respecting this question we can as yet only make conjectures, 
ihe division of the renal process on a large number of nephrons, and 
the tubules’ internal surface, large in relation to the lumen, evidently 
ecrease the distance between the molecules of the solute and the 
cell surface. As, moreover, electrical potential differences across the 

iq^w7 a Me considered demonstrable (Keller, 1933; Wilbrandt, 

) attempts have been made in drawing up a relatively detailed 
eory o the tubular transfer work with these potential differences 
as sources of energy (Ekehorn, 1938). 

in n deavouring further to explain how the substance dissolved 

amiTlw C °T int ° C ° ntact witb the tubuIe w all, thus becoming 

to und ! t° reabsor P fclon > however, it seems to be of some interest 

tion I a Com P arison b ^ween the tubule work and an adsorp- 
tion analysis m vitro. e 

found cond *ti° ns for such a comparison are unquestionably 

tion to tL t tabules’ internal surface, enormous in rela- 

this surf 6 U f blmcn ’ and ver y well adapted as adsorbent. To 
titativp rX take Pkce E relativel 7 ra P id adsorption, the quan- 
isotherm ^ T" of which would be determined by the adsorption 
the adsorbent 6 <pia ^' a * i * ve cond itions by the specific properties of 

f ° rmer is noteworthy that adsorption isotherms 
rnents • maxunum frequently are found at in vitro experi- 

soluteV •“ natUrally tempting to endeavour to explain the ab- 

sornf mUtatlon of the reabsorptive rate on the basis of such an ad- 
inth'l 11 1SOtherm ‘ To switch over from the quantitative limitation 
seem 6 CESe limitation of rate in the former case, however, 

tive 18 ^° r . tbe P resen f impossible. A comparison between the qualita- 
j con< litions in vivo and in vitro seems to be more profitable. 
and^tjT^ 0 the capacity of adsorption is dependent on the adsorbent 
of th 6 S(dut * on ’ b ut also to a great extent on the molecular structure 
° e adsorbate, inasmuch that e. g. in certain cases substances with 
ad° rC tf° lar gr0Ups ’ higher molecular weight, etc., are more readily 
sorbed. If the solution contains various different adsorbates with 
unequal affinity to the adsorbent, those with a greater affinity will 
supersede the others from adsorption. 

nalogous laws were valid regarding the tubules certain substan- 



72 


ces dissolved in the filtrate would thus accordingly impede others 
from concentration on the cell surface-adsorbent, thus preventing 
them from establishing contact with the carrier substance in the cell. 
Applied to the tubular apparatus this would, for instance, explain 
the blocking of the xylose reabsorption brought about by an augen- 
tation of the glucose concentration and possibly also the blocking 
of the glucose reabsorption by phlorizin. By interpreting this blocking 
as a displacement adsorption the intracellular process assumed by 
Shannon may be simplified and made less specific, in that the com- 
petition for the carrier substance is determined already on the cell 
surface. 

A support for the assumption that the physical forces on the cell 
surface are of great importance for the choice of substances for tu- 
bular transfer is offered in recently published works by Hober (1945). 
In perfusion experiments on frog he has been able to study the active 
transfer of certain sulfonic acid dye stuffs through the tubule wall, 
thus establishing that the ability to’participate in this process largely 
depends upon a polar- nonpolar molecular configuration. This should 
involve a special orientation of the molecule on the cell surface, the 
orientation in turn being pre-requisite for the further transfer through 
the cell. 

The investigations in this field are evidently as yet too limited 
to be able to draw any general conclusions as to the importance of 
the molecular storage on the cell surface for the tubular transfer. 
However, it seems to be possible through further investigations on 
the same lines to explain various processes taking place in tubular 
transfer according to known physical laws, thus lessening the speci- 
ficity which has been attributed to the tubule cells. 

Summarily, we may consider, in regards to the tubular reabsorp- 
tive mechanism, that the reabsorption occurs through an active cel- 
lular process of some unknown nature; that this process for ascorbic 
acid is connected with the proximal part of the tubules, and that 
the limitation of the reabsorptive rate may satisfactorily be explained 
by the occurrence within the tubule cells of a limited amount of car- 
rier substance. It may further be assumed that our general laws of 
adsorption to a certain extent are aplicable to the system of the tubular 
cell surface — tubular fluid, and that certain of the processes pre- 
viously considered to take place in the tubule cells may be assumed to 
take place already on the cell surface, according to known physical laws. 
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Summary 


The renal excretion curve for ascorbic acid, i. e. the excretion rate 
at different plasma concentrations, has been studied under certain 
physiological conditions in man. The investigation has given the 
following results: 

1. The excretion rate at rising plasma concentrations between 0 
and approximately 1.7 mgm per cent is very low, amounting at maxi- 
mum to 0.07 mgm per minute. 

2. Between approximately 1.7 and 2.5 mgm per cent the excretion 
curve rises suddenly — the threshold zone — subsequently becom- 
ing straight. The values, however, show wide individual variations. 

3. The threshold zone lies higher at rising than at falling plasma 
concentrations. 

4. The excretion curve is to some extent reproducable in one and 
the same individual. 

5. The established characteristics of the excretion curve may be 
explained by the assumption of a constant filtration rate and an ab- 
solute limited reabsorptive capacity, also assuming that the relation 
filtration rate j reabsorptive capacity is different for different nephrons 
and that the kidney itself at rising plasma concentrations stores 
ascorbic acid. (Section IV) 

6. The excretion curve at falling plasma concentrations between 
4 and 2 mgm per cent may be considered straight. From this curve 
may be calculated the filtration rate in the glomeruli as well as the 
tubules’ maximal reabsorptive capacity. 

7 . The thus calculated mean filtration rate and mean reabsorptive 
capacity was for 17 healthy subjects 131 + 4 ml per minute and 2.1 
+ 0.1 mgm per minute, respectively. As these values are in good 
agreement with previous and by other methodics obtained values 
for filtration rate and reabsorptive capacity, the premises for a 
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■combined renal function test for determining the glomerulus function 
and the proximal tubule function are thus on hand. (Section V) 

8. The reabsorption of ascorbic acid as well as of glucose and other 
substances reabsorbable in the proximal tubules supposedly takes 
place as follows: After filtration in the glomeruli these substances 
are concentrated through a process of adsorption on the tubular 
cell surface and seized by a special carrier substance — present in a 
limited amount — in the tubule cells. They are then by an active 
cellular process transfered through the tubule wall. (Section VI) 
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by grants from the University of Oslo, the Fridtjof Nansens Fond, 
Oslo, and the Rask 0rstcd Foundation, Copenhagen. 

A number of Danish scientists have always been ready for ad- 
vice and discussions. Professor G. Hevesy has placed the radioactive 
phosphorus at my disposal. Dr. I. Holm-Jensen with great skill and 
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hagen, and dr. A. Finbak and professor O. Hassel, Oslo, discussed 
■with me the problems of the dissociation of slightly soluble acids, 
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INTRODUCTION 

rir necessary for fat -<™ °* - T? 

and Z^ZZ e ZLT™r - ,hC ““*« ° f * -W— 

by W (1900, I ) m,natCd ^ thc th “^ Imposed 

th ? mechanism of fat'ab^tion'jhe ” 0 ' SC " Jcd *' 1 ucstions of 
"ught be taken up by thc Tit™*; h “ mmon was that fats 
state as fatty acids and glycerol Tie ^ ^ dr ° pIete or in thc split 
b y the pancreas juice mL ^ in L Vcs dgations of the role played 

*"» that fat wi 1 Hol t d ^ “ C * the bad 

the possibility of absorpU^ of^ToL^ ^ processes, but 
In 1900 Pfliiger proofed ?• ^ felS Was maintained, 
publication dealing with the Dots b”” 7 ° f fM absorption. In a 
a chapter summa J V™, “ Potsonousness of ho.se meat, he wrote 

This work was in nn ^ 10ns rc S arc h n g fat ahsorption. 

Sadons, but P/Ju^Z TZ 7T7 * -csti- 

the possibility of absorption of Z ? ' ded pomt of vicw and denied 
J° ^ger the absorption of Jf “ edition. According 

lysis, and he claimed that the fwT °? after total hydro 

of their alkali salts. h f ^ Were absor bed in the fonn 

and fo™ d r ,teTo t be t one U l? I d, fat ? 7 ‘ fa ° lved by th ' Me acids, 

absorbed after hydrolysis Bufn ^ fT Sh ° Wed that fatS are onlv 

?;? r.pcoof t r,t r ed , 

bG hydrolysed before absorption.” 6 mtCStlne must 

^°o2y°ZZo7 ZZZ ™ ,hat Fra "* » 1898 had found 
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any traces of the unsplit esters in the chylus. Further Frank found, 
after giving palmitic esters, considerable quantities of tripalmitin 
in the chylus. Frank himself stated that he had "with certainty 
shown that a synthesis of triglycerides takes place during absorption 
of fat.” It is really a fine support for Pfliigers theory, but it is not 
permissible from Franks results to conclude that a synthesis of tri- 
glycerides is an obligate process in fat absorption, and it is even less 
legitimate to use Franks results as a proof for the total hydrolysis of 
all fats before absorption. 

In two articles Munk (1900, 1, 2), who took Pfliigers work as 
a personal attack, opposed the theories. Munk points out many facts 
that speak against Pfliigers opinion, but the experimental work 
carried out until that time was not sufficient to settle the question. 

Pfliigers answer (1900, 3) in the. discussion was not less power- 
ful, he sums up almost all the work made upon the digestion of fat 
until that time, and his conclusion is of course' that his theories are 
infallible. 

The discussion was continued for a period of years during which 
the personal relations of the authors were subject to not much less 
interest and criticism than the fats. 

An. attempt to decide the question was made by Hofbauer 
(1900). He fed animals with fat stained with alcanna or sudan, and 
found that the fat was taken up into the epithelium of the intestine 
and the chylus together with the dye. He concluded that the fats 
were absorbed as stained droplets “since the dyes are insoluble in 
water and would precipitate if the fats were saponified.” 

The conclusion from the results was immediately rejected by 
Pfliiger (1900, 2) as being incorrect. He showed that the dyes are 
soluble in glycerol, in the bile, and in soap solutions. The dyes are 
consequently not precipitated when the fats are hydrolysed in the 
intestine, they may be taken up together with or. independently of 
the fatty acids. The stained fat may therefore be found in the cpi" 
thclial cells even if the fat is not taken up as droplets. 

In spite of the apparent impossibility to demonstrate the mechan- 
ism of absorption by means of stained fats, Wottom & Z wcrneT 
ha\c, only a few years ago (1939), worked -with sudan stained fats- 
. pparcntly they have not known the rejection of the method made 
y f Hger, Henriqucs and others. Their work, therefore, contains 
no data which can bring a decision of the question, and their con- 
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elusion that fat droplets pass the cuticle border of the intestinal 
columnar cells is open to the old objections. 

The question was apparently settled by the very convincing ex- 
periments made by Henriques & Hansen (1900), and since that the 
mam point of P finger?, theory has been dominating the textbooks 
as well as the later experimental work. 

Henriques mixed equal parts of lard and paraffine, and made 
an emulsion of the mixture. He demonstrated . that the droplets 0 r 
the emulsion contained equal parts of the constituents. In animal 
expenrnents he found that the lard was almost completely absorbed, 
tie the paraffmc was quantitatively recovered from the feces. He 
one u c . that the droplets of the emulsion were not taken up by 

fication CStmC ’ and thC f3t C0Uld ° nIy bG absorbcd after sa P°ni- 

exnZ; hC °" ly . ob i cction tbat can he made a priori against Henriques 

not j that ^ mckinff P° int of thc Paraffines he used was 

not below body temperature. 

netmtr ( u 9 \ 3) Carrfcd ° Ut furlhcr experiments, and found that 
meltinir n • 1 r ° c a r h°ns (and wool fat) were not absorbed. Thc 
were fed ° m i °r * J C P ctrobs %vas below body temperature, and they 
to water flCd aS wdl 35 uncm ulsificd. Bio or states that “change 
u 7 C StatC SCCms ncccssary for absorption.” 
from r ^ f° un d no absorption of paraffine emulsions 

absorb II J t r Stm . C ' Channon and Collinson (1929) found some 
dud^l f° ° ! qUld P araffinc "'hen fed for a longer period,, as con- 

Um -r^Tr t lC obscn ' cd decrease in the iodine number of thc 
unsaporufiablc matter of thc liver. 

It is easily understood that the experiments carried out by Hen- 

stan £5 and. later confirmed by others, in which unsaponifiable sub- 

ism 1 ? character were rejected by the fat absorption mechan- 

of P ° minatcd thc view for many years. Until the very recent work 
razer (1942 — 1944) the main principles of P fingers hypothesis 

^ere generally accepted. . . ■ - 


ABSORPTION OF. SOAPS . . 

One point of Pflugers hypothesis has been subject to a- change. 
Jinng time. Pfliiger suggested that the fatty acids produced by The 
IOn of. the lipase Were neutralized by the sodium carbonate of the 
salt CrCatiC i UiCe ’ and tbat tbcy were absorbed in the state of sodium 
a • The significance of the emulsification and the hydrolysis of 
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the fats should only be to prepare them for saponification. Lemtes 
(1907) found excellent absorption of soaps in fistula dogs. The ab- 
sorption was always in excess of that of the corresponding fatty 
acids (stearic, palmitic, or oleic add and their Na salts were tried). 

Pfliiger suggested that the reaction of the small intestine was 
alkaline. Later on the actual reaction of the intestine has been 
determined by more reliable (electrometric) methods, and it has 
been found that the reaction is actually not alkaline. 

It is well known that the soaps are decomposed by adds, and 
it is commonly stated as a fact that soaps cannot exist below pH 8 
or 9. The behaviour of soaps at different pH’s of the physiological 
range was investigated by Jarisch (1922), who concluded that in 
blood and tissues practically no soap is present, and that introduced 
soap is immediatdy split up. The fatty acids are liberated in a highly 
dispersed form, and the colloid solutions of fatty adds might to some 
extent be stabilized by proteins. 

The further consequences of the supposition that soaps cannot 
exist at the pH of the intestine are to be discussed in a later chapter. 


THE ROLE OF BILE SALTS IN FAT ABSORPTION 
From numerous investigations we know that the bile is a very 
important factor in fat absorption. If the flow of bile is suspended 
by pathological changes or by a ligature, the absorption of fats 
decreases to a minimum. Addition of bile salts to the food restores 
the possibility of fat absorption. 

The importance of the bile acids for the fat absorption may be 
regarded as a well established fact. On this basis Verzar has advanced 
his theory of the role of the bile acids as taking part in the transport 

° the fatty acids across the free border of the intestinal epithelial 
cells. 


It is a well known fact that fatty acids are easily soluble in bile 

new! 1 35 5n solutions of P ure bilc salts. Further Verzar & Kuthy 
' 92 J 2 ) found that in the presence of bile salts the fatty adds 

use through collodion membranes which are otherwise im- 
P tl! C t0 ^hey supposed that the fatty acids in the intestine 
of j-, r ° U . gh 1110 ccl1 membranes associated with 3—8 molecules 
comn? C a ° d P ," molcculc of fatty add. In the epithelial cell the 
whirVi * SP j Up ’ fatt >' adds arc synthesized to neutral fat 
K ° Und “ %-isiblc droplets, and the bile acids arc trans- 
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ported away by the blood circulation and brought to the liver where 
they are resecreted in the bile. 

If Verzars theory is accepted, a rough calculation gives the ap- 
proximate quantity of bile necessary for absorption of a normal 
fat meal. 

For example, 100 gram fat contains 90 gram (0.35 Mol) fatty 
acid. The average molecular weight of bile acids may be 500, and 
supposing four moles bile acid per mole fatty acid, we find 700 gram 
bile acids necessary for absorption of the fat. The bile acid content 
of the bile is generally less than 10 per cent, which means more 
than 7 liter bile. The diurnal bile secretion is generally estimated 
to be about 0.5—1 liter (e. g. Brand 1902). 

The theory of a circulation of the bile acids in order to form 
a vehicle for the transport of fatty acids is commonly accepted in 
text-books, although Verzar clearly has taken a standpoint against 
it (1936, p. 165). He found that the quantity of bile was not suffi- 
cient for covering the absorption of fat according to the hypothesis 
in the form described. Therefore Verzar supposed that the bile acids 
are adsorbed in the epithelial cells, where they form the vehicle 
necessary for the solubilization and transport of the fatty acids. He 
says. When the bile acid — fatty acid complex has entered the 
epithelial cell, it is immediately broken down. The fatty* acid is then 
synthesized to neutral fat, while the bile acid is free again, and is 
now adsorbed to the surface of the epithelial layer, where it dissolves 
more and more fatty acid molecules.” 

are the fats transported by the lymph or blood? 

During fat absorption the lymphatics leading from the intestine 
are white and filled up with a milky lymph containing much emulsi- 
fied fat. If the thoracic duct is obstructed considerable amounts of 
fat may still be absorbed ( Frank 1892). Frank (1894) found a 
fat absorption of 77 per cent when the thoracic duct was tied off, 
against 96 per cent in normal animals (dogs). The experiments have 
been repeated by many authors. 

The old values for the fat transport by lymph given by Munk 
(1880) (60 per cent by lymph) have been cited again and again 
and have been regarded as generally valid, but they are based on 
experimental work which, even if it is in no way unsatisfactory, 
cannot support a final solution of the question. 

Sulze (1933) found almost complete absorption of fats in cats 
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in which the lacteals were tied off. A recent publication of Little & 
Robinson (1941) deals with analyses of the collected thoracic lymph 
in dogs. They injected cream in the duodenum, and found only 
4 — 17 per cent of the absorbed fat recoverable in the lymph. 

Probably the fat which is not found in the lymph passes into 
the blood stream. Because of the relatively rapid blood flow it is 
much more difficult to demonstrate by analyses the transport of fat 
by the blood. In fact the relative increase in the lipid content of 
blood caused by a certain amount of fat is generally too small for 
an exact calculation of the quantity of fat. 

That an increase does occur in the blood is shown e. g. by Eck- 
stein (1925) who found an appreciable though small augmentation 
of the fatty acid content of blood following the absorption of neutral 
fat from the doudenum. He used dogs with the thoracic lymph 
diverted, and controlled his experiments by showing that anestesia 
alone caused no increase. 


REGENT WORK ON FAT ABSORPTION. FRAZERS WORK 

The general facts and theories just outlined appear to give a 
relatively clear view of the main paths of fat absorption, namely: 

The relatively unchanged fat passes from the ventricle to the 
intestine, where it is split up by the lipase of the pancreatic juice, 
the lipid matter is emulsified and partly kept in solution by the bile 
components, and the absorption takes place in the form of water 
soluble complexes of fatty acids. In the epithelial cells neutral fat is 
resynthesized and transported away partly by the .lymph, partly by 
the blood stream. There is very little evidence to suppose absorption 
of unsplit fat as droplets. 

This common view is not in agreement with the recent work 
made by Frazer during the years 1942—1944, 

Frazers absorption theory is briefly the following: Fat may be 
taken up in the intestine in the unsplit condition as a finely dispersed 
emulsion or in the hydrolysed condition as fatty acids. The unsplit 
at passes into the lacteals of the villi and is found as droplets (chylo~ 
microns j m the lymph, the fatty acids pass into the blood vessels 

- ° ( . not | a ^ :c P art * n forming the fat droplets visible in the villi 
during fat absorption. 

cirrirrf ^ ccms to be well founded in the experimental work 

earned out by Fra Z er and his collaborator*. 

' str iking theory of absorption of droplets was founded 
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on an experiment in which Frazer (1942) demonstrated an ab- 
sorption of 60 per cent of paraffine oil when it was finely dispersed. 
This was as much as the absorption of olive oil in the same period. 

In human subjects (1938) Frazer found the well known and 
marked increase in the number of chylomicrons when giving olive 
oil in a test meal. If the equivalent amount of oleic acid and glycerol 
was given, there was no rise in the particle curve. If extra lipase 
was added to the oil meal, there was nearly no rise in the chylomicron 
curve. It seems to be certain that the particles counted as chylo- 
microns are really of lipid nature. 

Results giving no evidence directly against Frazer, but never- 
theless of some interest in relation to the chylomicron counts are 
given by Little & Robinson. (1941) : “The increase in portal plasma 
lipids during non-lipid as well as lipid absorption suggests a mobili- 
zation of stored lipids by the portal blood under the stimulus of ab- 
sorption itself.” 

Frazers next publication on the fat absorption (1942) gives the 
result just mentioned that paraffine oil may be taken up in emul- 
sions. In addition to the chemical evidence of absorption he found 
droplets of oil in the intestinal wall when the paraffine oil was given 
as emulsion, but no drops when it was given unemulsified. Further, 
emulsified paraffine oil caused an increase in the chylomicron count 

to 200 particles against 20 — 30 when unemulsified paraffine oil was 
given. 

The particles found in the lymph, in the intestinal wall as well 
as those of the emulsion are of the order of magnitude of 0.5 micron. 
Frazer suggests that the droplets are made hydrophilic by the 0.2 
per cent of oleic acid added before the emulsification, and that they 
therefore stick to the intestinal wall and can be absorbed. 

The partition hypothesis of fat absorption was put forward more 
clearly, and more results to support it was given in 1943 ( Frazer 
1943, 1— -2). Frazer could not correlate his findings with the theory 
°f complete" lipolysis . The evidence he gives is briefly the following 
facts : 

Absorption of neutral fat is accompanied by milky lacteals, not 
so fatty acid absorption. Neutral fat gives systemic lipemia and little 
change in the lipid content of the portal blood while fatty acids 
cause a marked portal lipemia and relatively little change in the 
systemic blood. When sudan stained fat was given in moderate doses 
(2 ml a week) it could be traced to the fat depots and gave no de- 
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position in the liver. On the other hand fatty acids did not appear 
in the depots but were deposited in the liver (1943, 1). 

Further evidence for the partition theory and the theory a 
complete lipolysis is not essential in fat absorption was given m the 
following (1943, 2) : Rats fed neutral fat + lipase showed a pic- 
ture as if fatty acids were ingested. The systemic lipemia following 
fat absorption in man could be prevented by addition of lipase, 
the lipolysis was inhibited by sodium cetyl sulfate, the a sorp ion 
of triglycerides was not prevented as compared with control anima 

in the same time. , 

In the most recent work now available Frazer and his coworkers 

(1943, 3 & 1944, 1 — 3) investigated the conditions for the spon- 
taneous emulsification of fats. They found that the emulsions 
the intestines do not flocculate when lecithinase is added, and con- 
clude that phospholipins are not essential in forming the emu 
On the other hand the emulsion from blood seems to be stabUizea 

by lecithin since it is flocculated by lecithinase. _ 

The triple system monoglyceride — fatty acid bile sa t was 
found to form highly dispersed and stable emulsions. They are sta 
for more than 3 hours at pH 6.0— 8.5, the particle size is less than u. 
micron, and the emulsification takes place almost spontaneous y. 
— Too much stress must not be laid upon these model experimen , 
but they tell us a great deal about which components are of no an^ 
which are of great importance to the emulsification of fats m 
intestine. According to Frazer one of the chief characteristics of e 
pancreas lipase should be the power to form monoglycerides for t e 
emulsification systems, the total lipolysis should not be necessary 
all for the fat uptake. 

In connection with Frazers theories some older studies on 
problem ought to be remembered, because they give some irec 
evidence against him. 

Munk (1880 and 1884) fed his experimental animals on fatty 
acids prepared from meat, and found the major part of them 
neutral fat in the chylus. In dogs killed 3 hours after the admirustra 
tion of fatty acids the lactcals of the mesenterium were filled w it 
milky lymph. Similar results were obtained by Frank (1894). 

Franks results (1898) that ethyl esters of fatty acids arc c01 ™ 
plctcly hydrolysed in the intestine, and that no traces of them cou 
be found in the chylus, cannot be correlated to Frazers theory that 
fats arc only partly hydrolysed without an investigation of the velo- 



17 


city at which the different esters are attacked by the lipase. — 
Another possibility is that, if a part of the ethyl esters were taken 
up as such, they could be hydrolysed after absoiption by the esterases 
of the serum. 

In Henri ques 1 & Hansen’s, investigations (1900) the paraffine 
— fat emulsion was prepared similar to Frazers emulsions. When the 
hydrocarbons were rejected in these experiments, it might perhaps 
be due to their high melting point. In the experiments by later 
investigators ( Mellanby and others) minute quantities of the hydro- 
carbons disappeared from the intestinal contents but as very nearly 
the total amount was refound as non absorbed there was good 
evidence for ascribing this to unavoidable analytical and technical 
errors, and to conclude that the hydrocarbons were not taken up. 

Experiments on the uptake of hydrocarbons ought to be carried 
out not only by means of analysis of the intestinal content (as 
Frazer did), but the hydrocarbon absorbed ought also to be traced 
in the body. If larger amounts of hydrocarbons are taken up, it 
would be of some interest to see in which way they are treated by 
the liver where probably they are deposited. Stetten (1943) has 
presented evidence that a hydrocarbon, n-hexadecane, containing 
heavy hydrogen is efficiently absorbed by the rat. Some of the com- 
pound was deposited as such in the tissue lipids and some was con- 
verted to fatty acids. If these results are confirmed the uptake of 
hydrocarbons seems to be indisputably demonstrated. Further, when 
in absorbing experiments it is not possible to trace the amount of 
hydrocarbons taken up, they may have taken part in the metabolic 
processes and have totally disappeared. There is the possibility that 
the conversion of hydrocarbons to fatty acids may have taken place 
in the intestine and be caused by bacterial activity. The length of 
the paraffine chain used by Stetten is of the same order of magnitude 
as those of paraffine oil. 

It must be emphasized that Frazers work in no way excludes 
the possibility of a chemical absorption of fats. On the contrary, his 
experiments with fatty acids (or fats to which ample lipase was 
added) give results widely different from that of “fat absorption as 
droplets,” and are in good agreement with the conception that 
chemical processes are essential in the absorption process. 

The experimental work made by the writer of this paper, which 
was planned and carried out before Frazers publications reached 
Denmark, deals with the fatty acids and their absorption. Frazer has 

Knut Schmidt-Nielsea 
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thrown much light upon the absorption of unchanged fats, but the 
writer’s results are in no way in opposition to his work. 

.Frasers. work makes it possible to explain some of the conflicting 
or contradictory results of earlier experimental work. As an example 
Mellanbys work (1927, 1) can be mentioned. He found very small 
quantities of lipase in the pancreatic juice of the cat and no ad- 
ditional lipase in the alimentary tract. When a cannula was inserted 
into the pancreatic duct, injection of fat emulsion and bile gave 
rapid absorption of fats into the duodenal lacteals. These results are 
not explained by the theory of total lipolysis but more easily under- 
stood if Frazers theory is accepted. 

Apparently contradictory results may further be explained by 
the use of different experimental animals ( e. g. the cat has very small 
amounts of lipase, while in the dog there are ample amounts). 

It also seems likely that different parts of the intestine have dif- 
ferent capacities for fat uptake. The fat absorption in the large in- 
testine is very small or absent, and also in the ventricle no fat uptake 
has been demonstrated. Croner (1910) experimenting on dogs with 
Thiry-Vella fistulae found that in the upper parts of the small in- 
testine fats but not soaps were taken up, while the soaps were readily 
taken up in the lower parts. Mellanby (1927, 1) in his experiments 
just mentioned found rapid absorption of fat emulsions in the duo- 
denum and slow absorption in the ileum of the cat. 

There are still facts concerning fat uptake which are not ex- 
plained either by Frazers theory or any other work on fat absorp- 
tion. Deuel & Hallman (1940) investigated the rate of absorption 
of synthetic triglycerides in the rat. They found that neutral fats 
containing odd-chain fatty acids are absorbed less than half as 
rapidly as the corresponding fats containing evenchain fatty acids. 
The work ought to be repeated with the free fatty acids in order to 
decide if the phenomenon could be due to the lipase digestion in the 
intestine, or if it is correlated with the absorption mechanism itself. 

THE MECHANISM OF FAT ABSORPTION 
The uptake of fat as demonstrated by the amounts that disappear 
rom the intestine, or by analysis of the blood, organs etc. give little 
m ormation about the processes that take place in the intestinal wall 
during absorption. 

Regarding these processes, involved in the transport of fat across 
intestinal vail, very' little is known. The transport mechanisms 
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are of an order of magnitude difficult to follow by exact and quanti- 
tative methods. 

The microscopic picture of fat absorption is well known, as it 
has been the object of numerous investigations. Some time after 
feeding fats there is always found droplets of lipid nature at some 
distance inside the free border of the epithelial cells of the intestine. 
They are stainable with Sudan or osmic acid, and are commonly 
regarded as being neutral fat, synthesized in the cells from the fatty 
acids taken up. The droplets should mostly pass into the central 
lacteals of the villi, but that the transport of fat may take other 
routes is already discussed. An extensive review of the histology of 
fa^ absorption is given by Verzar (1936). 

The chemical processes taking place in the cells are not easy to 
follow. The most promising method is the use of labelled molecules, 
whose fate in the metabolism can be followed. The types of tracers 
used to investigate lipid metabolism are so far: a) characteristic 
fatty acids, b) fats containing deuterium, and c) radioactive phos- 
phorus (for the study of phospholipid metabolism). 

Sinclair (1929) fed fats of high iodine value (cod liver oil) and 
was able to follow to some extent the way of the fat by the change 
in iodine number of the lipids. The method gives only a rough idea 
of the processes, and since the liver is able to saturate and desaturate 
fatty acids, the method can never become reliable. On the other 
hand it is well known that large amounts of the fatty acids from the 
food pass unchanged into the fat depots, and that characteristic fats 
from the food may change the body fat to a surprising degree. 

Later Sinclair (1936 a. o.) used elaidic acid as tracer in similar 
work. Iodized fatty acids have been used as indicator by Artom 
(1933). The eleostearic acid used by Miller & Burr (1937) may 
be spectroscopically distinguished, but is not well tolerated by the 
animals. Later Miller & al. (1939) found a method to conjugate 
the double bonds of linoleic acid, and prepared a fat which could 
be spectroscopically distinguished and quantitatively determined in 
body fat. 

Schoenheimer & al. have made excellent work on the metabolism 
of fats, using fatty acids with heavy hydrogen built into the molecules 
in known position. The investigations have thrown much light upon 
the intermediary metabolism of fat, but unfortunately the method 
seems not to be well suited for study of the mechanism of fat trans- 
port through the intestinal wall. 


2 * 



20 


The radioactive isotope of phosphorus ( 32 P) has been used for 
the study of phospholipid metabolism ( e. g. Hevesy & Lundsgaard 
1937, Fries & al. 1938). Since the M P is introduced as inorganic 
phosphate, it gives primarily evidence of the synthesis of phospholipid 
molecules only. It is not possible to follow the catabolism in the fatty 
acid part of the phospholipid molecules by means of this indicator. 

The chemical processes in fat absorption. 

The chemical processes in the epithelial cells have been much 
discussed, but there has been little experimental work made that 
can contribute to the solution of the problems. 

The theory of a synthesis of phospholipids during absorption 
and transport of fats has gained much favour. 

The first experiments on this matter were made by Bloor (1915, 
1916). He found, during fat absorption in dogs, an increase in the 
lecithin content in blood. A more detailed examination showed an 
increase in the total fatty acids both in the plasma and in the cor- 
puscles, and further a large increase in the lecithin content of the 
corpuscles but little in plasma. There were no definite changes in 
cholesterol. 

Bloor concluded: a) Blood corpuscles (red or white) take up 
fat from the plasma and transfer it to lecithin, b) most or all fat is 
so transformed, c) lecithin is an intermediate step in fat metabolism 
( Bloor 1916). These conclusions seem to have been too extensive. 

The rise in lecithin content in blood has been confirmed by many 
authors. Sullmann & Wilbrandt (1934) also found an increase in 
the phospholipid content of the lymph flowing from the intestine 
during fat absorption (rabbit). 

As mentioned above Sinclair (1929, 1932) followed changes 
in the fatty acid fraction of phospholipids by feeding characterized 
fatty acids as tracers. He tried to find support for the theory that 
the phospholipids of the intestine might be an intermediate stage in 
the resynthesis of fat from its absorbed constituents. If this is true, 
the fatty acids of the phospholipids in the mucosa should assume the 
characteristics of the fat which is absorbed. 

During the absorption of highly unsaturated fat, Sinclair (1929) 
ound a large increase in the unsaturation of the phospholipid fatty 
aci ’ ^nt no increase in the phospholipid amount in intestinal 
mucosa and liver. In intestinal (smooth) or skeletal (striated) muscle 
ere was no change, neither in unsaturation nor in amount. He 
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concluded : “It is suggested that absorbed fatty acids are transformed 
into phospholipid within the intestinal mucosa as an essential step 
in the resynthesis of neutral fat.” If small amounts of unsaturated 
fat were fed, a marked increase in the level of unsaturation of the 
liver phospholipids was produced, but it had no apparent effect on 
the degree of unsaturation of the neutral fat. 

Later Sinclair, (1936) used elaidic acid as a tracer. In cats fed 
elaidic acid for several days as high as 37 per cent of the plasma 
phospholipid fatty acids were elaidic acid. No elaidic acid could be 
detected in the red corpuscles, i. e. the red corpuscles do not parti- 
cipate in phospholipid transport. This also means that Bloors, theory 
of the role of the red corpuscles in transport of fat as phospholipids 
must be given up. 

Barnes & al. (1941, 1) found no parallelism between the rate of 
incorporation of com oil fatty acids into mucosa phospholipids and 
fat transport. They found the phosphorylation theory somewhat 
doubtful, and concluded that the slowness of the entry of the fatty 
acids into the phospholipids and the minute amounts present during 
fat absorption indicate that phosphorylation plays no essential part 
in absorption. 

Reiser (1942) found no change in the phospholipid content of 
the duodenal mucosa during fat absorption in swine. 

Radioactive phosphorus as indicator. 

The experiments which try to follow the metabolism of phos- 
pholipids using radioactive phosphorus as indicator show that the 
phosphorus of the lipids in the intestine and the liver is exchanged 
at a much higher rate than in other organs, 

Hevesy and Lunds gaard (1937) found only a moderate increase 
m labelled P in the blood phospholipids after administration together 
with oil and, although the increase exceeded that found when 32 P 
was given alone, they came to the conclusion that lecithin was 
formed outside the intestinal tract. The phospholipids of the intestine 
were not examined. 

Fries & al. (1938) found that, among the organs, the small in- 
testine plays the major part in phospholipid turnover in absence as 
well as in presence of ingested fat. A larger part of the was 
found in the phospholipids of the small intestine when olive oil was 
given simultaneously. Unfortunately it is impossible from the values 
given by Fries to see if the rise in activity is due to an increased 
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amount of lecithin in the intestine during fat absorption, and it is 
also impossible to calculate how much of the phospholipid has been 
submitted to metabolic changes. 

The phosphorylation theory. 

Verzar and his collaborators have done much experimental work 
in order to demonstrate the importance of the phosphorylation for 
absorption and metabolism of fats. 

Verzar & Laszt (1934, 1) found a more rapid absorption of oleic 
acid when given together with glycerophosphate or glycerol and 
phosphate. Phosphate or glycerol alone had no influence. They con- 
cluded that a phosphorylation in the mucosa takes place during 
absorption of fatty acids. 

The experiments were made on anesthetized rats, from which 
50 cm of the intestine were tied off. After washing the isolated 
loop the fat was injected into it. The absorption was determined 
by analysis of the contents. The work gives no certainty that the 
blood circulation has been kept adequate and that the loops have 
functioned normally in the experiments. The increased absorbing 
function may very well be due to a better function when combustion 
material for the absorption work is supplied in the form of glycero- 
phosphate. 

Further, the situation has some points similar to the increase in 
glucose absorption found when sodium phosphate is given together 
with it ( Magee & Reid 1931). Their observation led to a conclu- 
sion of phosphorylation in the absorption process (which is probably 
correct). Laszt (1935) however showed that the observation could 
not be taken as a proof for a phosphorylation because the stimulation 
was due to the pH, — borate or acetate buffers gave the same 
increase. 

Verzar & Laszt (1934, 2 & 1935, 1) used poisoning with mono- 
iodoacctic acid and phlorrhizin to demonstrate the necessity of a 
phosphorylation of the fatty acids in the course of the resynthcsis 
to neutral fat during absorption. 

Subcutaneous injections of iodoacetic acid prevented fat ab- 
sorption, but since the general condition of animals poisoned with 
iodoacetic acid is always poor and the normal glucose metabolism is 
put out of function, it is difficult to regard the results as a proof for 
the theory. The inhibition of the uptake found by iodoacetic acid 
poL.oning may as well be due to the failing power of the cells to 
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supply energy for absorption work as to a depression of the hypo- 
thetial phosphorylation of the fatty acids. 

Sinclair (194-1) fed elaidic acid to rats poisoned with iodoacetic 
acid. He found no difference in the phospholipid content of the in' 
testine nor in the mixture of their fatty acids as compared with non 
poisoned animals. 

Verzars experiments with phlorrhizin gave also a retarded ab- 
sorption, but the doses necessary were 50 to 100 times as large as' 
those needed for causing an extreme diabetes. (A better method for 
poisoning the intestine is to introduce the substances directly into 
the intestine as used e. g. by C arisen (1945). this way the general 
intoxication is of less strength or totally prevented). 

In my opinion the result of phlorrhizin poisoning speaks against 
the theory of a phosphorylation process that is directly inhibited by 
the poisons used. It is also difficult to see why a substance of a chemi- 
cal constitution so different from glucose should take part in synthetic 
processes of a character similar to the phosphorylation of carbo- 
hydrates. On the other hand the experiments give no evidence against 
the theory of a phospholipid formation. 

The theory of phosphorylation was also the reason for Verzars 
investigations of the role of the adrenal cortex hormone in fat ab- 
sorption (Verzar & Laszt 1935,2 — 3). The absorption of fat was 
greatly inhibited by adrenalectomy, and it was decisively demon- 
strated that the cortex hormone restored the ability of fat uptake; 

The poor fat uptake after iodoacetic acid poisoning or adre- 
nalectomy was followed histologically by Jeker (1935). Against the 
normal picture with abundant fat in the epithelial cells and the 
lymph he found no fat in the poisoned or adrenalectomized animals. 
In the latter, the normal conditions could be re-established by the 
administration of cortex hormone. 

Later on Jeker (1936) used a staining method (Fischler’s stain- 
ing) which according to him should with certainty distinguish be- 
tween neutral fat and fatty acids. Jeker was aware of the fact that 
the method had been strongly attacked ( Jeker 1936, p. 3), but he 
gave no new evidence in support of the method. The very nice re- 
sults must be seen from this point of view. During fat absorption 
m normal animals he found that at first a Fischler positive substance 
(fatty acids) appeared, but later a synthesis to neutral fat begun, 
the Fischler positive substance disappeared and instead of it a sudan 
positive substance (neutral fat) was found. 
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During iodoacetic acid poisoning only Fischler positive substance 
was found, indicating that the synthesis of neutral fat (primarily 
the phosphorylation of the fatty acids) was inhibited. Verzar V 
Teker (1936) found the same histological picture by adrenalectomy, 
and normal conditions were restored by cortex hormone. 

Unfortunately the work of Barnes & al. (1939 1941) showed 

that the findings were probably due to the poor condition of the 
intestine of adrenalectomized rats. If the condition of the animals 
was maintained by giving them 1 per cent sodium chloride for 
drinking instead of water, the absorption rate of com oil fatty acids 
or their methyl esters was not affected by adrenalectomy ( Barnes 
& al. 1939). 

Bavetta & al. (1941) supported the experimental work of Ver- 
zar, and found inhibited fat absorption by adrenalectomy, even if 
the animals were maintained with salt solutions. They were restored 
by cortex hormone. In 1943 they found the phenomenon restricted 
to the long chain fatty acids, while short chain acids were absorbed 


at normal rate after adrenalectomy. 

Barnes & al. repeated and confirmed their experiments (1941, 
2). They express the opinion that they have brought no evidence 
against adrenal hormonal regulation of fat transport, but that the 
adrenals are not necessary for a) the normal rate of fat absorption 
and b) the normal rate of incorporation of absorbed fatty acids into 
the intestinal mucosal phospholipids and neutral fat. They conclude 
that: "It is quite clear that if the rate of accumulation of new fatty 
acids is a criterion of rate of phosphorylation, the cortical hormone 
plays no direct part in fatty acid phosphorylation.” 

On the basis of the published data it seems difficult to decide 
whether the opposite results are due to a failure in the salt main- 
tenance of Bavettas animals or an experimental failure in the work 
of Barnes. (That the adrenals have some effect upon fat metabolism 
was shown also by Barnes <£? al. (1941, 3), who found that adre- 
nalcctomizcd rats maintained in good condition have impaired ability 
to deposit fat in the neutral fat stores of the liver. Extract of adrenal 
cortex restored the ability. No such impairment was noticed in the 
transport of the acids into liver phospholipids). 

In the present work it was attempted to decide how large a frac- 
tion of the fatty acids is present as soaps at the pH of the intestine, 
and to investigate the presumed phosphorylation process during ab- 
sorption. 



TECHNIQUE 

EXTRACTION TECHNIQUE 

In physiological and biochemical investigations, lipids to be 
invesdgated are commonly isolated from the tissue by extraction. 

A total extraction can be carried out either by repeated extrac- 
tions, or in an apparatus which gives a constant strep m of the pure 
solvent ( Soxhlets method). 

From the solution obtained the lipids arc mostly isolated by eva- 
poration of the solvent. If the constitution of the fat (e. g. double 
bonds, free fatty acids etc.) is of interest the evaporation is carried 
out in a carbon dioxide or nitrogen atmosphere. 

The tissue must be dehydrated before the extraction. This may 
take place by the addition of large amounts of neutral salts (e. g. 
sodium sulphate) but mostly an evaporation of the water is used. 
Freezing of the tissue, pulverization and drying in vacuo is regarded 
as a very lenient method. 

It has turned out that the total amount of lipids is not removed 
from the tissue by extraction. Even if different solvents such as ace- 
tone, alcohol, ether, petrol etc. are used, and even if the tissue is 
extremely finely pulverized, there remains a fraction of the lipids. 

This remnant can be liberated if the tissue is destroyed, either 
by pepsin digestion or destruction by boiling with potassium hydrox- 
ide. In the latter case the fats are also saponified, and the free fatty 
acids can then be extracted after acidifying the mixture. 

The common opinion is that the non extractible lipids are com- 
bined with the proteins of the tissue and that they are a structural 
element of the protoplasma. This fat quantity is usually only a minor 
part of the total. 

The alkali destruction of the tissues cannot be used in investi- 
gations of phospholipids, because these are totally saponified by this 
treatment. 
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Extraction of small tissue samples. 

It is very difficult to handle small quantities of fat solvents or 
lipids. Most of the fat solvents used are easily volatile, and when a 
lipid solution is evaporated the lipid has a great tendency to “creep” 
along the surfaces of the vessels used. If, e. g., a single drop of an 
ether solution of any fat is placed in the middle of a watchglass of 
five cm diameter the fat will, when the ether has evaporated, be 
found over almost the whole surface of the glass, and the major 
part will even be found near the edge of it. 

These difficulties can be almost completely overcome when a 
known volume of solvent is used for extraction and aliquot parts of 
it are pipetted off for analysis. This principle is developed in the 
micromethods for fat analysis described by the writer (1942, 1944) 
and gives generally a simple and safe method for handling very small 
lipid samples.*) 

Because the solvent used in the extractions of the intestine 
samples is very volatile, the extractions were carried out in closed 
glass ampoules. 

The extraction of a sample was carried out as follows: 

The sample was dried, weighed and brought into a glass tube 
of about 80 mm length and 8 .mm width. The upper part of the tube 
was then drawn out in such a way that a constriction of about 2 
mm in diameter was formed. Two ml of the solvent (equal parts 
of absolute alcohol and ethyl ether) were pipetted down into the 
ampoule, which was then sealed by drawing off the upper part in 
a gas burner. 

Now the extraction could take place without disturbance from 
evaporation, and the ampoules might be stored any desired length 
of time before further treatment. Because the tissue samples were 
very' thin, the lipids were soon dissolved and evenly distributed in 
the solvent, and apart from the non extractible lipids the extraction 
was complete. 


*) The "creeping” of the lipids has been found not to disturb in the following 
special cases: When the small sample (5 — 10 fi\) used for fatty acid deter- 
mination is pipetted' into the small ampoule used in the microanalysis, the 
solvent may be evaporated in vacuo without the fat creeping to any harm- 
ful extent. When the fatty acids for the final titration arc pipetted from 
the ampoule into the special titration vessel, the solvent may also be eva- 
porated in vacuo. The fatty acids do not “creep” above the level reached 
by the titration medium later added. 
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In most cases the analyses of this investigation were carried out 
the day after the ampoules were filled. The tissue samples were from 
10 to 100 mg in size. The lipid radioactivity of such samples is, 
when moderate doses of S2 P are administered, relatively low. There- 
fore it was desired to use the major fraction of the samples for ac- 
tivity countings. The methods used for chemical analyses favoured 
this object to a great extent, as they only claimed less than 1/10 part 
of the total amounts present. For phosphorus determinations 200 {A 
were taken out, for fatty acid determination only 5 — 10 /d. Because 
in work of this character the variations in different experiments and 
even in different samples from one animal are very large, it is very 
fortunate that the different analyses can be carried out on one and 
the same sample. 

Is the extraction method adequate? 

The extraction technique used is so simple that its sufficiency 
can be questioned. 

It is very easy to control if the extraction of phospholipids is 
complete and quantitative by means of tissue samples where the 
phospholipids contain radioactive phosphorus. If the radioactivity is 
relatively high even minute quantities of phospholipids can easily 
be detected and quantitatively determined by counting of the radio- 
activity. 

When samples from the intestine had been extracted in the usual 
manner, they were brought into another ampoule and extracted once 
more. It was not possible to detect radioactivity in this new. extract, 
i. e. the quantities were less than the sensitivity of the counting 
technique. 

Of course some traces of phospholipids remain in the solvent 
with which the tissue sample is soaked. By the calculations for the 
sensitivity of the activity determinations, it was with certainty de- 
monstrated that less than 2 per cent of the total phospholipid amounts 
were left in the tissue after the first extraction. This small fraction 
is of no importance as compared with the other errors of the deter- 
minations. Of all the quantitative determinations carried out, the 
phosphate analyses of the phospholipids are the least accurate, their 
analytical error being probably not below 5 per cent. In relation 
to this, there is no reason to aim at an accuracy below a few per 
cent in any of the other analyses. 
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THE FATTY ACID TITRATION 

The fatty acids were determined according to the method pre- 
viously described by the writer (1942). The technical procedure 
has been somewhat simplified, and needs not so much care and 
attention during all the operations as before. 

The process is simply : In a small glass ampoule the fat is saponi- 
fied with alcoholic sodium hydroxide and a known volume of toluene. 
Then a surplus of hydrochloric acid is added. The fatty acids are 
taken up by the toluene, and an aliquot part of this is pipetted off 
for titration of the adds. 

If the toluene and water phases shall separate readily, the alcohol 
content must not be too large. About 10 per cent of alcohol was 
found .to be harmless. 

When analyses were carried out on lipids from the intestine, 
difficulties in separating the toluene and water phases appeared. 
Therefore, after saponification, the ampoule was opened and all the 
toluene and alcohol were evaporated off. Then the hydrochloric 
add was added, and at last the known volume of toluene. Because 
all the alcohol was removed, a larger amount of alcoholic potassium 
could be used for the saponification, the advantage, of this was an 
easier pipetting technique and a more reliable saponification. But 
the most remarkable advantage was that after the pipetting of the 
known volume of toluene, the ampoule was not opened again before 
the final pipetting off of the aliquot part. — In the earlier manner 
of proceeding the toluene was added first and the ampoule was re- 
opened for adding HC1, a method which required much more atten- 
tion and rapidity in the work. The new procedure involves less 
possibility of error, is more convenient and only the last sealing of 
the ampoule needs be carried out with special attention. 

THE PHOSPHATE DETERMINATION 

The phospholipids were quantitatively determined by an ana- 
lysis of their phosphorus content. 

The phospholipids were destroyed with sulfuric acid and the 
phosphorus determined by a modification of the Fiske-Subbarow 
principle (see Kjerulf -Jensen, 1942 p. 83). 

From the alcohol-ether extract 0.2 ml were pipetted off into a 
test-tube of resistant glass. Then the solvent was evaporated on a 
steam bath. 

The common method for destruction of the phospholipids is to 
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heat them with a mixture of sulfuric acid and nitric acid. Before 
the analysis is carried further, every trace of nitric acid must be 
removed. It appeared that this is not easy to carry out in large 
series of analyses, in many of the samples traces of oxydating com- 
pounds had remained. 

It appeared that a small quantity of sulfuric acid (0.1 ml was 
used) and a few drops of hydrogen peroxide was an excellent mix- 
ture for destruction of phospholipids. By heating the samples with 
that mixture, a rapid development of gases appeared. If the mix- 
ture became darkly coloured by further heating, more peroxide was 
added. The process was repeated until no dark colour appeared by 
heating the samples. 

The surplus of peroxide now present was removed by placing 
the test-tubes in an oven at 150° C for about /i hour. If traces of 
organic.matter were still present the samples attained a dark colour 
again. Now a single drop of peroxide and a renewed stay in the 
oven completed the process. 

The sulfuric acid must be carefully neutralized before the ana- 
lysis is carried out. The colorimetric determination of phosphorus 
is performed in strongly acid solution (1 n sulfuric acid) but the 
strength of the colour is sensitive to even small variations in the 
acidity of the solution. Therefore it is best to remove the surplus 
of sulfuric acid remaining from the destruction process before the 
reagents are added. 

The samples are diluted with 5 ml of water. The neutralization 
is then carried out with strong sodium hydroxide (10 per cent) 
against phenolphtalein as indicator. Care must be taken not to add 
too large a surplus of sodium hydroxide, because the colour of 
phenolphtalein rapidly disappears in strongly alkaline solution. After- 
wards the samples are brought back to the acid range of the indicator 
by dropwise addition of dilute hydrochloric acid (1/10 normal). 

Now all the samples have to be diluted to the same volume, 
e. g. 8 ml. A mark on the vessel indicating this volume facilitates 
the procedure. Then the reagents are added, namely 2 ml of a 
2.5 per cent solution of ammonium molybdate in 5 n sulfuric acid 
and 0.5 ml of a solution of 1.5 g of amidol and 15 g of sodium 
sulfite in 100 ml of water. (The last solution must be freshly prepared 
each day). 

The colour is measured in an electric photometer after placing 
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the samples for 20 minutes in a water bath at 40° C or after standing 
over night at room temperature. 

Known quantities of a standard phosphate solution must always 
be carried through the analytical procedure for calculation of th< 
unknown samples, because the strength of the colour is not absolute' 
ly constant from one series of analyses to the next. 


RADIOACTIVITY MEASUREMENTS 

General. 

The radioactivity of the phospholipids extracted from the tissue 
samples was determined by means of a Geiger-Miiller counter (Levi, 
1941). 

The counting tube as well as the amplifying system were of an 
improved construction as described by Ambrosen & al. (1945). The 
counting device was used in connection with a “scale of four” system 
( Ambrosen , p. 205) through which each fourth of the impulses 
reached the recorder. At activities up to 1000 impulses per minute 
each fourth impulse will be recorded practically without losses. At 
activities of 1500 imp/min each fourth impulse is recorded with a 
loss of 2 per cent, and at 2000 imp/min the loss will be 5 per cent. 
At higher activities such corrections are not accurate since the re- 
cording device cannot bear a much higher strain. 

The accuracy of the measurements is larger when a larger num- 
ber of impulses is registrated. Approximately the probable fluctuation 
of the single determination may be calculated in the following way : 

The statistical fluctuation is proportional to the square root of 
the number of disintegrations of the radioactive substance. The 
number of impulses registered by the counter, N reR , is proportional 
to the number of disintegrations, N. Hence we have the relative un- 
certainty of the single determination, a, by the following formula: 


a — 


J/N« 


N, 


or a ■ 


KB 


KN, 


reg 


(As mentioned the formula is only valid when N tcg is pro- 
portional to N, i. e. when the register records the impulses from the 
Geiger-Miiller tube practically without losses). 

If 10 000 impulses have been registered, we have an uncertainty 
or probable fluctuation of : 

_ 1 1_ 

C ~ K 10 000 ~ 100 


or 1 per cent 
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If 2500 impulses are registered, we have: 


a 


1 1_ 

}/ 2 500 50 


or 2 per cent 


If 400 impulses are registered, wc have : 

1 1 

a s - - ■ : = = — -t— or 5 per cent 
)/ 400 20 F 

In the present .work the errors arising from other sources (iso- 
lation of the lipids, phosphate analysis etc) were considerable and 
probably of an order of magnitude of not less than 5 per cent. There- 
fore it was assumed that counting of 400 impulses, giving a probable 
fluctuation of dt 5 per cent, was sufficient in all the experiments car- 
ried out on animals. 


The half life period of radioactive phosphorus is 14.3 days. From 
one day to the next the activity of a preparation decreases 4.8 per 
cent. Therefore, when different preparations are not measured the 
same day their activity cannot be directly compared. 

The activity of radioactive substances decreases following a loga- 
rithmic curve given by the formula : 

y, = y G • c ~ At 

where y 0 and y t arc the original activity and the activity at the time 
t respectively. 2 is a constant characteristic for each radioactive sub- 
stance, and means the per cent fraction of the substance which dis- 
integrates in the time unit. 

Instead of this we may use the half life period of the substance, 
which gives the formula: 


where a m is the activity after m half life periods and a Q the original 
activity. 

If we wish to calculate the activity after a given number of 
days, we get the formula : 

n 

a n = a„ • 0.5 p 

n o 

where a n is the activity after n days and p the half life period given 
in days. 

Hence, if on the n-th day we have observed an activity, a n , of a 
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preparation of 32 P (half life period p = 14.3 days) we have the 
original activity: 

n 

a = a • 0.5* 43 

n o 

or 


0.5 143 

When many preparations are measured this recalculation as to 
the same point of time is very inconvenient, and another procedure 
is usually adopted. 

One of the samples of the radioactive substance is chosen as a 
standard and the strengths of the other preparations are calculated 
in relation to this one. The standard is always counted in connection 
with a series of unknown samples, their strengths are then calculated 
in per cent of the standard. 

E. g. if we have a standard preparation that gives 100 imp/min 
and another sample a that gives 25, the strength of the sample a 
is 25. If on another day, the activity of the standard has decreased 
to only 80 imp/min, and a sample b gives 20 imp/min, the activity 
of & is calculated to be 25. In this way it is immediately found that 
the samples a and b have the same activity, they may be compared 
directly without any further correction even if they are not measured 
at the same time. 

In the case of the activity at any time is 95.2 per cent of 
the activity 24 hours earlier, i. e. about 5 per cent of the activity 
is lost in one day and night. Therefore the error produced by com- 
paring preparations measured on one and the same day needs not 
be corrected for when an accuracy of a few per cent is sufficient. 

Phospholipids. 

The preparations to be measured are placed in small aluminium 
dishes 12 mm in diameter and 2 mm deep. It is practically im- 
possible to place lipid substances on a limited area and equally 
distributed over it. All lipid substances tend to spread along sur- 
faces, and especially when a solution of the lipid is evaporated the 
lipid substance has a great tendency to “creep” (page 26). 

If a single drop of a fat solution is placed in the bottom of the 
aluminium dish, the fat will have gathered along the ridge when 
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the solvent has evaporated. An even distribution of it is of im- 
portance to a correct counting of the activity. Therefore the solution 
of the lipids was evaporated on a small disk of filter-paper, 10 mm 
in diameter, which was placed in the aluminium dish. 

The aluminium dish was placed on a heated copper block, and 
the solution of lipids pipetted directly down on the filterpaper. In 
this way the solvent evaporates immediately, and the lipid stays 
distributed in the. filter-paper. To control that no part of the lipid 
has spread outside the paper disk, the disk is moistened with a drop 
of sudan solution. Then all the fat is stained intensively red, and 
if any part of it comes outside the paper it will immediately be 
detected. Without staining it is impossible to see small fat droplets 
on the aluminum dish. If the fat is stained, it will as a rule even be 
possible to suck it up into the filterpaper again. 

It is of importance that the filter-paper does not absorb per- 
ceptible quantities of the radiation. This is easily proved by counting 
a preparation containing 32 P, and then cover it by a disk of filter- 
paper and counting it again. 

In table 1 is given an example. The absorption in the filter- 

TABLE 1. 


The absorption of the radiation from K P in filter-paper and in fat. 



imp /min 

Absorption, 
per cent 

Sample of 32 P 

Same, covered with filter-paper 

406.8 
, 402.0 

1.2 

Same, the filter-paper soaked with 10 mg of fat 

391.6 

3.8 


12 000 impulses counted. Probable fluctuation + 0.9 per cent. 


paper is of the order of magnitude of 1 per cent, which is of no im- 
portance to the measurements of the phospholipids. Further we may 
suppose that when the 32 P is distributed in the filter-paper the ab- 
sorption is less than when all the radiation must pass the paper disk. 

It might be assumed that the lipid substances which contain 
the 32 P and also those which are extracted together with them absorb 
some of the radiation from the 32 P built into the lipid molecules. 
The substances contain only light atoms, C, H, O, N and P, and 
therefore the absorption cannot be expected to be of considerable 
magnitude. A simple control experiment is easily carried out. The 

Knut Schmidt-Nielsen 3 
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preparations of phospholipids were only a few milligrams, and al- 
most never above 5 mg. A sample of 32 P was covered with a disk 
of filter-paper soaked with 10 mg of rats fat. The absorption in this 
preparation must be several times larger than in any of the phospholi- 
pid preparations because all the radiation must pass through the 
total distance of absorbing material. It was found to be less than 4 
per cent (table 1) and consequently the absorption in the phospholi- 
pid preparations must be of no importance. Since the errors in dif- 
ferent samples will be of the same order of magnitude, corrections 
for these minute errors were found unnecessary. 

When 32 P is used as an indicator of phospholipids it is of great 
importance that the solvent used , for extraction of the lipids does 
not dissolve even traces of other phosphorus containing substances. 
Especially in experiments of short duration the free phosphorus is 
highly active in relation to the phosphorus of the lipids, and quan- 
tities which cannot be detected by chemical analysis can completely 
disturb the measurements. 

Dr. G. Hevesy has informed me that the following procedure 
is sufficient for testing if “free” phosphates are present in the solu- 
tion. 

To the alcohol-ether extract is added very well dried and finely 
pulverized sodium phosphate. If free phosphates are present in the 
solution, they will exchange with the phosphates added. If the addi- 
tion has no effect upon the lipid radioactivity, no appreciable amounts 
of non-lipid phosphate have been dissolved. 

In those cases in which I treated the extracts of rats intestine in 
this way the activity was not altered by the treament. But the absolute 
strength of these preparations was almost so low (10 — 20 imp/min) 
that the probable fluctuation of the countings could not with reason- 
able efforts be brought down to below about ± 5 per cent. There- 
fore relatively small changes in the activity might have taken place 
without being detected. 

From some animals used in experiments with 32 P the livers were 
taken out, dried, finely pulverized and extracted with the alcohol- 
ether mixture. In such animals the free phosphorus has an extremely 
high activity, but in the liver considerable amounts of active 
phosphatidcs arc already present. 

One part of such an extract was treated with sodium phosphate 
in the manner described, and equal volumes of the treated and un- 
treated extracts were taken out for counting (table 2). 
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TABLE 2. 

Radioactivity in 0.2 ml of an alcohol-ether solution of rats liver. Treated with 
pulverized sodium phosphate^ Activities given in per cent of untreated sample. 


Duration of treatment 


10 min 


lVs hours 


Not treated with Na-phosphate 100 100 

Treated with Na-phosphate 99 102 


Probable fluctuation of single determination: + 2 per cent 

It is evident that no perceptible amounts of activity disappear 
during this treatment. 

The experiment was repeated with another extract which was 
treated with sodium-phosphate for a longer period (table 3). 

TABLE 3. 

Radioactivity in alcohol-ether extract of rats liver. Treated with sodium phos- 
phate for 2 days. Activities given in per cent of untreated sample. 


Untreated sample 100.0 

Treated with Na-phosphate 100.4 


Probable fluctuation of single determination : + 1 per cent. 


3 ' 










EXPERIMENTAL PART 

THE POSSIBILITY FOR ABSORPTION OF SOAPS IN THE 

INTESTINE 


THE CHEMICAL CONDITIONS FOR THE PRESENCE OF SOAPS 
IN THE INTESTINAL CONTENT 

During the many discussions of theories concerning fat absorption 
in the intestine, many suppositions have been made which are not 
in accordance with the chemical facts. 

With great power Pfliiger defended the theory that, after the 
fats have been split up by the lipase, the fatty acids are converted 
to soaps by means of the sodium carbonate of the pancreatic juice. 
His chief idea was that, since carbohydrates and proteins are hydro- 
ysed and taken up in the water soluble form, also the fats ought 
to be taken up as water soluble compounds, i.e. as soaps. 

Later on it has appeared that the reaction of the small intestine 
is actually not alcaline, such as was earlier supposed. The reaction 
is usually slightly acid, in different animals and different parts of 
the small intestine varying between pH 5.5 and 7. 

. ari at tcmpt is made to neutralize a watery solution of soaps, 
it will be found that the soaps split up and that the fatty acids 
separate out from the solution. This well known fact led to the idea 
expressed by jnost authors, namely: “Soaps cannot exist below 
ptL — 9 or "Soaps cannot exist at neutral reaction.” 

uch assertions cannot be accepted from a chemical point of 
' , aCI , LS to a soa P solution there will, irrespective of 

solution* 3 Th° aC1 ’ ^ a ccrta ' n art iount of soap present in the 

mt Tcu-Jn pr °P° rtIon ma V be calculated from the equation of 

add -ind thl SUppOS .‘ ng 41,511 thc dissociation constant (KJ of the 
* and thc acuvm* of ,hc components in thc solution arc known. 
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The first attempt of the writer to accomplish such a calculation 
for the fatty acids at the pH of the intestinal content was hindered 
by the total absence of determinations of the K a of higher fatty 
acids. This is surely due to the very low solubility of the acids, and 
a further difficulty is that the watery solutions of their salts are not 
simple molecular-disperse systems. 


DISSOCIATION CONSTANTS OF FATTY ACIDS 


The dissociation constants of short chain fatty acids have been 
determined, and in table 4 the constants to be found in the literature 
are collected. The determinations made by different authors differ 
somewhat, according to different methods etc., but usually not more 
than 0.1 • 10~ 5 . 

TABLE 4. 


The dissociation constants, Ka, of straight chain fatty acids of from 1 to 8 

carbon atoms. 



Carbon 

atoms 

K a 

| Temperature 

Formic acid 

i 

21.4 • 

10-5 

25° C 

Acetic add 

2 

1.86 • 

10-5 

25° C 

Propionic add 

3 

1.45 • 

10-5 

25° C 

Butyric add 

4 

1.48 • 

10-5 

25° C 

Valeric acid 

5 

1.51 • 

10-5 

18<> c 

Hexoic add 

6 

1.44 • 

10—5 

25° C 

Hcptoic acid 

7 

1.42 • 

10-5 

18° C 

Octoic add 

8 

1.44 • 

10-5 

250 c 


It will be seen that, apart from the two lowest links, there is a 
striking constancy in the dissociation constants of the fatty acids. 
Chains of from 3 to 8 carbon atoms give no variations in the K a 
From a physical point of view, a further addition of methylen 
groups ( — CHs — ), i. e. an increase in the length of the paraffin 
chain cannot be expected to give any change in the K a Therefore 
we may suppose that the K tt of the higher fatty acids is also of the 
same size (K 0 = 1.4- 10~ 5 ). 

The bile acids have chemical properties which are in many re- 
spects similar to those of fatty acids. From theoretical considerations 
K under & Halverstadt ( 1941 ) predicted that many bile acids should 
have dissociation constants almost identical with those of fatty acids, 
i. e. K 4 = 1.0* 10~ 5 — 1.4* 10~ 5 . Earlier determinations (e. g. 
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Josephson 1933) showed that bile acids are very weak. Then Kumler 
& Halverstadi measured the K a in alcohol-water mixtures and from 
this the constants in water were calculated. They appeared to be 
completely in accordance with the predictions. Examples of the re- 
sults are given in table 5. 


TABLE 5. 

Dissociation contants of bile acids. 



Kumler & Halverstadt 

Josephson 

Desoxycholic acid 

1.08 • 10—5 

3.8 • 10-7 

Cholic acid 

1.12 • 10-5 

6.46 • 10-6 


The fatty acid salts as well as the bile acid salts do not form 
simple molecular solutions but are “colloidal electrolytes” which form 
“ionic micelles” in watery solutions ( Roepke & Mason, 1940), and 
this is probably the explanation of their apparently irregular be- 
haviour. 

By a lucky chance I received the information that Mr. A. 
Norland, C. E., The Technical University of Norway, has 
measured the dissociation constants of fatty acids in alcohol. He 
earned out the measurements in 95 per cent alcohol. From hexoic 
acid (G 0 ) to hexadecanoic acid (C 1G ) he found a variation in the 
^ css than 0.01 (A pK t < 0.01). These data are unpublished, 
and given me as personal communication by Mr. Norland, to whom 
I owe the heartiest thanks for the permission to publish them. This 
investigation gives the experimental evidence for the correctness of 
the conclusion that the length of the hydrocarbon chain has no in- 
fluence upon the K. of the fatty acids of a size larger than C 3 . 

Now we can take up again and discuss the assertion that “soaps 
cannot exist at the pH of the intestine.” 

Disregarding the consequences of the low solubility of the acids, 
wc may calculate for the fraction present in solution that if 


— , i.'t • 1U 

there mil be equal parts of soap and fatty acid in the solution at 

pH = 4.85 

P . H ° f thc intcstinc thc maj ° r 
m solution is present as soaps. 
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EXPERIMENTAL 

To what extent these theoretical reflections are valid in the actual 
chemical systems of the intestine may to some extent be seen from 
electrometric titration curves of the fatty acids. 

The solubility of the sodium salts of stearic or palmitic acid at 
room temperature was found to be too low for using them in the 
experiments. However sodium oleate was easily soluble in water, 
and the electrometric titrations were carried out on such solutions. 
(The position of the double bond in oleic acid is so far from the 
carboxylic group that no influence upon the dissociation can be 
expected.) 

The use of hydrogen electrodes in soap solutions is probably very 
inconvenient, and therefore the electrometric measurements were 
carried out by means of glass electrodes. These electrodes have a 
systematic error in strong alkaline solutions, above pH = 9, but the 
titration curves for pure NaOH solutions did not di/fer to any per- 
ceptible extent from the theoretical values, and therefore the error 
of the electrode used by the writer is of no importance to the present 
investigation. 

The titrations were carried out on 1/100 normal solutions. In 
50 ml water, 0.5 mE of the fatty acid -f- 1 mE NaOH were dissolved. 
The solutions were kept CO a -free, CO» from the atmosphere was 
excluded, and the titration was carried out with C0 2 -free 1 normal 
HGI from a burette permitting readings of 1^1. 

Titration curves of fatty acids. 

A titration curve for propionic acid (C s , K t =1.45* 10~ 5 ) is 
given in fig. 1. The curve corresponds exactly to the theoretical 
titration curve for an easily soluble acid of this strength. First the 
surplus of NaOH (0.5 mE) is neutralized, then on a minute addition 
of HC1 the reaction changes from pH 10 to pH 7, and from this 
point the titration of the weak acid begins. In every point the values 
■observed for the pH are the same as those calculated. 

The titration curve for oleic acid is given in fig. 2. 

The surplus of NaOH is neutralized when 0.5 mi of HCI have 
been added, and further half the quantity of soap is neutralized when 
7.5 ml of HCI have been added in all. At this point we find from 
the curve that the pH is about 8. Since half the soap is neutralized 
the solution contains equal parts of fatty acid and salt, i. e. it looks 
as if we had an acid with pK a about 8 and K a about 10~ 5 . 
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pH 1 2 3 4 5 6 7 8 9 10 11 12 

FIG. 1. 

Electrometric titration of 0.5 mE ’of propionic acid with 1 roE NaOH added. 
Titration fluid 1 n HC1. This curve as well as the curve for pure NaOH, cor- 
responds in every point to the theoretical curve. 


Consequently, from this point of the titration curve we find an 
apparent dissociation constant K r a *) of 10“ 8 against the expected 

*) E' t = dissociation constant calculated from the stoichiometric propor- 
tions in the reaction system. 

Iv, = dissociation constant of active acid, supposed to be identical with 
the true dissociation constant of the acid. 

— the concentration of fatty acid as given by the stoichiometric 
proportions. 

C*HA — the active concentration of fatty acid, supposed to be present in 
molecular dispersed form. 
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pH 1 2 3 4 5 6 7 8 9 10 11 12 


FIG. 2. 

Electrometric titration of 0.5 mE of oleic add with 1 mE NaOH added. In 
the graph a theoretical curve is drawn, calculated for K. a = 6.4 • 10 — 9, which 
corresponds to the apparent K a for the half neutralization point of the oleic add. 

value of about 10~ 5 . How can these apparently contradictory results 
of theoretical considerations and the experimental facts be explained? 

The titration curve in fig. 2 may be roughly explained if we 
regard the fatty acid as a solid phase of very low solubility. 

We have the law of mass action: 
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C H +' 


c A - 


= K. 


■'HA 


or 


C +== J^A 

H c,_ 


•K. 


The hydrogen ion concentration, C H + , is proportional to the 
concentration of the acid, C HA , and reversely proportional to the 
concentration of the salt, C A If the acid is precipitated, its con- 

centration will be less than corresponding to the stoichiometric 
amount, and the C H + will also be less than expected. 

If in fig. 2 we regard the point where half the salt is neutralized, 
we can calculate the apparent dissociation constant, K' t , for this 
point. The point corresponds to equal parts of acid and salt, i. e. 

C\ 


HA 


C A - 


= 1 


and consequently 

C„4-=K', 

From the curve we find that pH is 8.2, and consequently pK , 
= 8.2 and K', =6.4 • 10~ 9 . This constant is obviously not the cor- 
rect one, because considerable amounts of the acid have separated 
out from the water phase at this point. 

If we presuppose the very simple conditions that the salt is in 
real solution and dissociated, that a certain part of the acid, C A _, is 
in real molecular solution and dissociated, and further accept the 
true dissociation constant of the acid as K =1.4* 10~ 5 , we get: 


C H + 


-HA 


C A — C H + • 

k . and c = k 7 ; 


c A - 


For the point of half neutralization of the salt, the K', , the dis- 
sociation constant calculated from the stoikiomctric concentrations 
of the reaction mixture, was found to be K' I = 6.4 - 10" 9 . K„ , the 
true dissociation constant of the acid is K, =1.4' 10 — 5 . Hence: 


-H 


-HA 


1.4 • 10 


—3 


and C', 


C H + 


HA 


c A - 


6.4 • 10 


-9 


"HA 


e 


ha 


6.4 • 10 

1.4 • 10 


-9 


-3 


: 4.6 • 10 


— < 


-HA 


HA ' 


10 


-4 
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From this we may conclude that (at the pH chosen for the 
calculation) the dissociation constant calculated for the stoichiometric 
proportions can be explained by a separation of the major part of 
the fatty acid, and that only about one part in 50 000 of the fatty 
acid is actually in solution as active acid. This calculation must be 
regarded as a very rough approximation, which only gives an indi- 
cation of the possible state. 

It is very difficult to imagine how a direct experimental verifi- 
cation should be carried out. The solubility of the fatty acid must 
be varying with the pH, and at the pH mentioned there are also 
ample amounts of soap present. Very little is known about the exact 
condition of such solutions, to what extent the soap influences the 
solubility of the acid, the activity of the acid etc. 

Chemical constitution of the fatty acid — soap 
system. 

The chemical conditions in soap solutions have been subject to 
numerous investigations. An excellent and critical review is given 
by Hartley (1936). In the last years the salts of paraffin chain sul- 
fonic acids have been subject to much interest, because of their 
extensive technical importance e, g. McBain & al. (1939), Wright 
& al. (1939). 

This work throws much light upon the conditions of paraffin 
chain compounds in watery solution. Unfortunately the investiga- 
tions do not deal with solutions containing free fatty acid, in which 
the conditions must be still more complicated. 

In a fatty acid — soap system we probably have the following 
dissociated and undissodated particles represented: 


TABLE 6. 

Particles in a fatty acid-soap system. 


' 

! 

Molecular system 

Micelles or colloid 
particles 

Charged particles 

H+ Na+ OH- A- 

(Mic A _) n -' 

Uncharged particles 

HoO HA 

(Mic HA ) 

Hypothetical and 

A2 HA3— 

( Mic 2A ( Mic KA 

questionable particles 

NaHAo (acid soap) 

( Mic NaA) (Mic H NaA,) 
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Several of the molecules are only partly soluble in molecularly 
dispersed form, they tend to aggregate (soaps?) and form micelles 
and colloidal particles (soaps? acid soaps?) and to separate out 
(fatty acids). The phases are perhaps to some extent soluble in each 
other, in the colloid particles etc. The system is of so high complexity 
that it is impossible to make general conclusions regarding its condi- 
tion. 

Some of the facts, however, are of a character suitable for further 


discussion. 

The n/100 solution of sodium oleate is absolutely clearly trans- 
parent. From the work of McBain it is well known that the soap 
solutions do not behave as molecular disperse solutions from the 
osmotic point of view. E. g. the lowering of the vapour pressure is 
of a magnitude as in colloidal solutions. 

That the soap solutions are not simple semicolloidal solutions 
is demonstrated by the fact that soap solutions are excellent con- 
ductors of electricity (McBain). McBain and many later authors 
suppose that the soaps form ionic micelles in watery solution. The 
calculations made by Linder sir om-Lang (1926) on the contrary give 
evidence to support the view that the properties of the solutions are 
not due to micelle formation but to a reciprocal influence of the 
molecules upon one another. 

When, in the titration, we pass the point where the neutralization 
of the soap begins (about pH 10), the solution becomes colloidal. 
There appears a marked but not intense opalescence in the solution, 
which means that the fatty acid molecules rapidly aggregate to 
particles of colloidal size. This faint opalescence it not much altered 
within the pH range 'down to about 8.25. At this point, which is 
identical with the half neutralization point, a separation of oil 
droplets begins which makes the solution milky and soon quite 
opaque. 

A fatty acid molecule has a length of about 25’ 10~ 8 cm. If 
the particles shall give opalescence, the size must be at least half 
the wawc length of visible light, i. c. about 4000- 10" 8 cm. The 
largest diameter of the particle must therefore contain at least 160 
molecules of fatty acid. If the particle is spherical in shape this cor- 
responds to 2.14 • 10 6 molecules in the particle. 


The number of particles (n) present in the surface of a spheric 
body is in relation to the total number of particles (N) given by 
the formula: 



In die colloidal particle of fatty acid in the example stated above 
■we have the number of surface particles 

n = ()/ 2.14 • 10 6 ) 2 = 1.66 . 10 4 

i. e. less than one per cent of the molecules are placed in the surface 
of a spheric particle of the given size. 

In the introductory chapter it was mentioned that Frazer found 
that lipid particles of a size of about 0.5// (— 5 000* 10~ s cm) may 
pass the intestinal membrane when their surface is made hydrophilic. 
The bile acid molecules have a high polarity, and if they arc placed 
at the surface of the fatty acid particles with their hydrophilic ends 
orientated against die water phase, a relatively small quantity is 
sufficient to make the particle hydrophilic. According to the above 
example the quantity of bile acid needed when the total surface 
of the particle has to be covered is of an order of magnitude of less 
than one per cent of the number of fatty acid molecules. 

During die titration a relatively faint opalescence is retained by 
the solution until one half of the salt is neutralized. When the half 
neutralization point is passed, each further quantity of HC1 added 
makes the solution more milky and opaque. The particles increase 
markedly in size and if the solution is left undisturbed larger oil 
droplets assemble on the surface. Before this point the solution has a 
transparency which is not much altered during the titration. That 
there is really a change in die condition at this point also appears 
from the slight, though marked, inflexion of the curve at this point. 

The lower fatty acids have a great tendency to occur in a di- 
merous form, in which two molecules combine by means of co- 
ordinate linkage or hydrogen bonds. As an example is given the 
formula for the associated formic acid quoted from Bastiansen, Fin- 
bak and Hassel (1944) : 

0 H~0 

I H— / \ -H 

\—H c/ 

The constitution is verified by electron interference spectra. 

(Perhaps also a trimerous form of the fatty acid can occur. For 
the following reasonings it makes no essential difference which of the 
forms is formed). 
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The long chain fatty acids have not been investigated in this 
respect. If the long chain acids aggregate in the same way, the 
dimerous (or trimerous) form must appear as electro-neutral par- 
ticles and the long hydrocarbon chains (R) must make them ex- 
tremely insoluble in water. Further the hydrocarbon chains must 
show great mutual attraction not unlike that of simple aliphatic 
hydrocarbons, and tend to aggregate to particles of large size. 

It is quite clear that in a soap — fatty acid system the acid has 
not so great a tendency to form large drops ( confer the above) . It 
is well known that the fatty’ acids do not form basic salts ( McBain 
& Martin , 1914), but they form well defined and crystallisablc acid 
salts (add soaps) ( McBain & Stewart , 1927). At the half neu- 
tralization point of the soap almost the total amount of fatty acid 
may be present as acid soap, and when passing this point the sepera- 
tion of larger droplets of the acids begins. The constitution of the 
acid soap might be: 


III 


R 

I 


R 


C 

0 0 



0 


A 'a* 


where the negative charges arc balanced by the sodium ions of the 
system. (The Na + cannot replace one of the protons of the hydrogen 
bonds in formula I, since the sodium has- no co-valences). Between 
the two oxygen atoms of different charge (= O and — O - ) there 
mav be resonance through the chain : 

O ~ C — O — H 0 = c- O- 
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In this way the dimerous particle may obtain a relatively high 
stability, and the relatively low tendency of the fatty acid to separate 
out in the beginning of the neutralization of the soap is explained. 

The dissolving power of sulfonic acids and 
bile acids. 

The bile acids have the property to keep fatty acids in watery 
solution. 

It might perhaps be expected that when the fatty acids arc pre- 
vented from separating out and arc kept in solution, they might be 
dissociated to a higher degree and attain a higher acid activity. 
Since the bile acids are weak acids they interfere with the electro- 
metric titration of other weak acids. 

It is well known that the fatty acids are also soluble in solutions 
of sodium salts of fatty acid chain sulfonic acids. Since the sulfonic 
acids are very strong acids they (or their sodium salts) do not inter- 
fere with the electrometric titration of weak acids. (The influence 
of the change in ionic strength is quantitatively of no importance 
in these experiments). 

A titration curve for oleic acid with the equivalent amount of 
sulfonic acid added had not the same form as that of the pure oleic 
acid. (The sulfonic acid used was the sodium salt of dodecanoic 
sulfonic acid, n-C u ,H :5 S0 3 Na). The effect of the addition is seen in 
fig. 3. In its total range the curve is displaced in relation to the curve 
obtained for pure oleic acid. From this we see that when the fatty 
acid does not separate out, the active concentration of the fatty 
acid is apparently altered. 

For the present investigation the acid range of the curve is of 
most interest. In the acid part there is a markedly higher proportion 
of soap present when sulfonic acid has been added. 

Since the bile acids have many properties in common with the 
sulfonic acids and are also known to keep fatty acids in solution, 
it is very probable that they have a similar effect upon the fatty 
acid — soap systems. 

Unfortunately it is very difficult to carry out the corresponding 
experiment with bile acids. Because of the weak acid nature of the 
bile acids an electrometric titration of fatty acids in solutions of bile 
acids will give an addition of the titration curves, and it will be 
difficult to resolve the observed curve into the component curves. 
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FIG. 3. 


Electrometric titration of 0.5 mE of oleic add + 0.5 mE of the sodium salt 
of dodecanoic sulfonic acid ■+■ 1 mE NaOH. 


HOW LARGE A PROPORTION OF THE FATTY ACID IS PRESENT AS 
SOAPS AT THE REACTION OF THE INTESTINE? 

The pure soap-fatty acid system. 

In fig. 2 a curve is drawn which gives the theoretical titration 
curve for an acid with the K t =6.4* lO*" 9 (pK, =8.2). It is 
seen that the inclination of the titration curve of the oleic acid is 
another, i. c. the K, is not constant during the titration. In the 
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beginning the C H + is smaller (pH higher) than that of the theoretical 
curve, which means that the K' a is smaller than 6.4- 10 -9 . In the 
acid part of the curve the K' e is larger than that of the theoretical 
curve. This fact makes it impossible from the pK' a value of the half 
neutralization point to calculate anything concerning the quantities 
present as salt and acid respectively at the end range of the titration 
curve. Therefore we must try to judge the quantities present as acid 
and salt respectively from the graphs. 

From the curve in fig. 2 it may directly be seen how large a 
proportion of the fatty acid is present as the sodium salt at a given 
pH. At pH—7 it is found to be 0.07 mE of the total 0.5 mE, at 
pH — 6 it is 0.025 mE of the 0.5 mE, i. e. 14 per cent and 5 per 
cent respectively of the fatty acid present as soap. 

Proportion as soap when sulfonic acid is 
added. 

The similar calculation carried out for the system to which sul- 
fonic acid was added gives the following result: 

At pH — 7 0.12 mE out of the total 0.5 mE of fatty acid is 
present as soap, at pH = 6 0.05 mE is present as soap. This gives 
25 per cent and 10 per cent respectively of the fatty acid present 
as soap. 

When we find so large a proportion of the fatty acids present 
as soaps at the reaction of the intestine, it is not difficult to imagine 
that the absorption may take place in the form of soaps. A fair pro- 
portion of soap will always be present if the equilibria are restored 
at a fairly rapid rate. 

If the fatty acids have separated out, the formation of soaps 
perhaps is a slow process according to the relatively low surface 
area of the particles. But in the normal intestine there are always 
considerable amounts of bile salts present, which keep a fairly high 
proportion of the fatty acids in solution. It is very probable that 
the bile acids in this way support the transmission of fatty acids 
to soaps in addition to the described ability of sulfonic acids to 
displace the proportion of soap-fatty acid in aqueous solution in 
favour of the soaps. 


Knut Schmidt-Niclsen 


4 
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THE FORMATION OF PHOSPHOLIPIDS IN THE 
INTESTINAL WALL 

IS THERE AN INCREASED AMOUNT OF PHOSPHOLIPIDS IN THE 
INTESTINE DURING FAT ABSORPTION? 

Analyses of the total small intestine. 

It has repeatedly been demonstrated that during fat absorption 
there is an increased amount of phospholipids in the lymph flowing 
from the intestine, as well as in the blood. 

In my own experiments I tried to find if fat absorption is fol- 
lowed by an increased amount of phospholipid in the intestinal wall. 
The results given in table 7 give no evidence for this assumption. 


TABLE 7. 

Phospholipid and fatty acid content of small intestine in rat. 



Weight 

Kram 

Duration of 

/< Mol lipitl-P 

/i Mol fatty acid 

Fraction of fatty 


fat uptake, 

per Rram 

per firam 

acids as lecithin. 

! 

hours 

intestine | 

intestine 

per cent 


Control 

animals 


120 

83 1 

302 


55 

295 

53 } 76 

270 

• 334 

39 

175 

» 1 

431 


43 


9 «; o 

140 

2'/o 

82 

599 


27 ' 


ptznvkt oft 

235 

3 

71 

638 


22 


by 

240 

6 

66 

62 887 

628 

15 

20 

stomach 

260 

9 

49 

551 


18 


tube 

245 

9 

41 , 

464 . 


18 . 



Consequently, a chemical analysis of the total small intestine 
gives no information concerning the possible formation of phospholi- 
pids during the absorption of fat. 

On the other hand there is found a considerable increase in the 
amount of fatty acids, which may be ascribed to a rise in cither 
the neutral fat or fatty acid fraction of the lipids. This is most easily 
correlated to the well known histological picture of fat absorption 
in which the epithelial cells, the stroma of the villi, and the lymph 
vessels arc filled with fat droplets. 

Analyses of small parts of the intestine. 

If the fat absorption takes place by preference in a limited part 
of the small intestine, the possible changes in the lipids in thus part 
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may be hidden by the large proportion of lipids in the other parts 
when the small intestine is analysed in toto. 

Lipid substances are not equally taken up by all parts of the 
small intestine. It is well known that proximal to the openings of 
the bile duct and the pancreatic duct, tire lymph vessels do not ap- 
pear milky during fat absorption. Further Croncr (1910) found 
differences in the absorption of soaps from different parts of the 
intestine (dogs), — in the upper parts soaps were not taken up but 
well in the lower parts. Fat was easily taken up in the lower parts, 
but also in the upper parts. Mellanby (1927, 1) found rapid ab- 
sorption of fat emulsions in duodenum and slow absorption in ileum 
(cat). 

In order to try to find a possible accumulation of phospholipids 
in a single part, analyses were carried out on relatively small parts 
of the intestine. 

Two groups of rats were examined, the first one fasting control 
animals, the second one rats fed peanut oil by stomach tube. When 
fat uptake was at its maximum (about 6 hours after fat feeding) 
the small intestine was taken out, washed carefully and dried in 
vacuo. The gut was then divided into ten about equal parts, each 
part weighed and analysed separately. 

In each sample the content of fatty acid and of lipid combined 
phosphorus was determined. The results are given in molar figures, 
which permits a direct comparison of the quantities of fatty acid 
and phosphorus. Presuming that all the lipid phosphorus is lecithin 
(i. e. each phosphorus atom combined with two fatty acid molecules) 
it is calculated how much of the fatty acid is combined with 
phosphorus. The surplus is probably mostly neutral fat, but is given 
as fatty acid in the tables. 

In tables 8 and 9 the analytical results from seven normal rats 
are given. It will be seen that in the individual rat there are very 
considerable variations in the phospholipid as well as in the fatty 
acid content of different parts of the intestine. In the single rat the 
variations are not much smaller than between the different animals. 

On the other hand, the average values for the seven rats show 
a marked regularity. The phospholipid content (table 8) seems to 
be a little lower in the distal part. The fatty acid content (table 9) 
seems to be a litde lower in the proximal part, highest in the middle, 
and again somewhat lower in the distal part. For the fatty acids the 
irregularities in the single animals are not so pronounced, and the 

4 * 
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TABLE 8. 

Phospholipid content of the small intestine of rats. Control animals. 
Figures given in /u Mol lipid phosphorus per g intestine, dry weight 


Rat 1 

| Parts of the intestine 

No. 1 

1 

2 

3 

4 

5 

6 

D 

8 

9 

10 

1 

76 

85 

95 

91 

84 

97 

72 

69 

76 

43 

2 

52 

47 

61 

85 

58 

80 

34 

34 

33 

43 

3 

95 

100 

101 

98 

97 

98 

82 

77 

58 

92 

4 

48 

46 

37 

36 

63 

71 

31 

31 

34 

30 

5 

33 

43 

42 

35 

59 

65 

33 

26 

28 

23 

6 

53 

72 

47 

50 

39 

36 

33 

32 

28 

39 

7 

42 

39 

46 

41 

27 

30 

21 

23 

27 

29 

Average, 

57 

62 

61 

62 

61 

68 

44 

42 

41 

43 

ft Mol P/g 
intestine 

±8 

±8 

+ 10 

+ 10 

+9 

±9 

±9 

+8 

+7 

+9 


tendency towards lower values in the end parts may be seen in most 
of them. 

The fraction of fatty acids present as phospholipid (table 10) 
varies between 7 S and 7s of the total. Perhaps the relative fraction 
of phospholipids is a litde lower in the distal part, but on the whole 
we can say that no marked differences appear in the different parts 
of the intestine in the untreated animals. 


TABLE 9. 

Fatty acid content of the small intestine of rats. Control animals. 
Figures given in //Mol fatty acid per g intestine, dry weight. 


Rat 

No. 




Parts of the intestine 




1 

2 

! 3 

S 4 

5 

i 6 

i ^ 

8 

1 ^ 

1 10 

1 

80 

160 

130 

150 

150 

180 

170 

160 

190 

200 

2 

220 

250 

240 

280 

320 

310 

330 

300 

230 

260 

3 

300 

370 

340 

500 

540 

680 

550 

450 

330 

180 

4 

250 

320 

300 

260 

340 

340 

290 

220 

220 

230 

5 

160 

180 

160 

190 

280 

320 

200 

270 

230 

100 

6 

170 

200 

190 

180 

270 

220 

190 

200 

190 

200 

7 

400 

370 

350 

230 

290 

250 

240 

220 

200 

210 

Average. 

230 

260 

240 

260 

310 

330 

280 

26o 

230 

200 

ft Mol fatty ±40 

±30 

±30 

±40 

±40 

+60 

±50 

±40 

+20 

±20 


tc’iifg 

intestine 
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TABLE 10. 

Fraction oj the jolty acids in rats intestine present as phospholipids. 
Control animals. 

Figures given in per cent of total fatty adds. 



Parts of the intestine 


1 | 2 i 3 

B 

5 

8 

9 J 10 

% Phospholipids 

50 48 51 

48 39 41 31 

32 

36 43 


Tables 11, 12 and 13 show the corresponding figures obtained 
from rats intestine during fat absorption. The rats were fed 2.5 gram 
peanut oil by stomach tube 6 hours before the animals were killed. 
In all eases the fat uptake was normal with the mesenteric lymphatics 
milky white. 

It will be seen that even in these rats there arc considerable ir- 
regularities between the different parts of the intestine of the indi- 
vidual rat, and also between the different rats. 

The average values show, when compared with the untreated 
animals, no increase in the phospholipid content after a fat meal. 
No single part of the small intestine shows a phospholipid content 
higher than normally.. 

The fatty acid content, on the other hand, is found to increase 
considerably during fat absorption, and this fact refers to all parts 
of the intestine. The distribution of the fatty acids in the single 


TABLE 11. 

Phospholipid content of the small intestine oj rats during fat absorption. 
Figures given in ft Mol lipid phosphorus per g intestine, dry weight. 


Rat 

Parts of the intestine 

No. 

1 

2 

3 

D 

5 

n 

m 

8 1 

9 

10 

1 

61 

80 

86 

84 

80 

88 

80 

78 

90 

74 

2 

73 

58 

80 

79 

61 

53 

68 

69 

54 

37 

3 

75 

63 

74 

86 

60 

57 

57 

57 

64 

64 

4 

59 

53 

51 

52 

53 

48 

50 

43 

54 

41 

5 

65 

42 

48 

45 

41 

28 

30 

25 

41 

42 

6 

52 

58 

66 

58 

50 

45 

38 

29 

36 

25 

7 

40 

60 

60 

52 

54 

51 

46 

46 

41 

47 

Average, 

61 

58 

66 

65 

57 

53 

53 

50 

54 

47 

ft Mol P/g 

+ 5 

±4 

±5 

±6 

±5 

±7 

±7 

±7 

±7 

+6 

intestine 
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TABLE 12. 

Fatty acid content of the small intestine of rats during fat absorption. 
Figures given in (i Mol fatty acid per g intestine, dry weight. 


Rat 




Parts of the intestine 




No. 

t 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 

430 

§60 

540 

880 

910 

750 

680 

580 

510 

380 

2 

360 

530 

600 

440 

870 

760 

1 000 

710 

570 

400 

3 

710 

710 

880 

1 020 

1 240 

1 260 

1 180 

1 110 

640 

260 

4 

390 

460 

510 

390 

330 

670 

710 

710 

700 

590 

5 

350 

520 

410 

380 

530 

720 

410 

450 

480 

360 

6 

410 

390 

390 

580 

610 

760 

640 

610 

570 

500 

7 

380 

420 

420 

530 

530 

410 

530 

710 

520 

420 

Average, 

430 

530 

540 

600 

720 

760 

740 

700 

570 

420 

/t Mol fatty +50 
acid fg 
intestine 

±50 

±60 

±100 ±110 

±100 

±70 

±80 

±30 

±40 


parts are like that in the untreated animals. There is a distinct in- 
crease from the proximal end toward the middle, and again a de- 
crease toward the distal parts. 

Since the fatty acid content is high, the fraction of it present as 
phospholipid (table 13) is lower than normally, about the half of 
the normal. The increase in the fatty acid content is therefore pro- 
bably due to a higher content of neutral fat. As mentioned before, 
this fits in very well with the well known histological picture of fat 
absorption. 

In table 14 are given the amounts of fatty acid present as non 
phospholipid substance (probably most of it as neutral fat). The 
fatty acid fraction present as, phospholipids is calculated as if all 
of it were lecithin. It is seen tliat the increase during fat absorption 
is about 3 times that of normal resting intestine. Not only is the 
absolute increase larger in the middle parts, but also the relative 
increase is higher in the middle parts of the intestine. 

TABLE 13. 

Fraction of the fatty acids in rats intestine present as phospholipids during 

fat absorption. 

Figures given in per cent of total fatty acids. 



1 

2 

B 

fl 

5 

6 

7 

8 

9 

B 

% Phospholipids 

28 

22 

24 

22 

16 

14 

14 

14 

19 

22 
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TABLE 14. 


Increase in non-phospholipid fat of the intestine during fat absorption. 
figures given in u Mol fatty acid per g intestine. 


Pans of the intestine 

■ 

2 

3 

H 

5 

6 

n 

8 

9 

10 

Non absorbing intestine ... 

12 

14 

12 

14 

19 

19 

19 

18 

15 

12 

Fat » > 

31 

41 

41 

47 

61 

65 

63 

60 

46 

33 

Difference = increase during 

fat absorption 

19 

27 

29 

33 

42 

46 

44 

42 

31 

21 

Increase factor 

2.6 

2.9 

3.4 

3.4 

3.2 

3.4 

3.3 

3.3 

3.1 

2.8 


THE FORMATION OF PHOSPHOLIPID FOLLOWED WITH RADIO- 
ACTIVE PHOSPHORUS AS INDICATOR 

General and technique. 

Even if there is no increase in phospholipid content in the in- 
testinal wall, there may be a considerable synthesis of phospholipids 
during fat absorption. The phospholipid may be transported away 
or it may be broken down again. The formation of new phospholipid 
molecules may to some extent be followed by introducing labelled 
atoms of phosphorus (i. c. radioactive phosphorus, 32 P). 

The metabolism of phosphorus has been extensively investigated 
by Hevesy and his many collaborators. Concerning the phospholipids 
of different organs he found the most rapid synthesis in the liver and 
the intestine. It is of interest, in regard of the theories of phospholipid 
formation during fat absorption, to investigate whether the rate of 
formation of phospholipids in the intestine is changed during fat 
uptake. 

If, when 32 P is administered to the experimental animal, we 
find a higher radioactivity in the phospholipids during fat uptake, 
it is evident that a larger amount of phospholipids is new synthesized. 

Experiments on this matter were carried out on rats. The rate 
of formation of phospholipids found in different individuals is pro- 
bably liable to variations. In view of the limited amounts of a2 P 
available, it was impossible to carry out experiments to find normal 
values on a larger number of animals, and it was further impossible 
to cany out the absorption experiments on a number of animals 
sufficient to give reliable average values. Therefore, the possible 
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variations in different individuals were to some extent avoided by 
comparison of the function of different loops of the intestine of one 
and the same animal. 

The results mentioned in the preceding chapter indicate that no 
considerable differences in the ability of phospholipid formation can 
be expected in any special part of the intestine, but nevertheless the 
most proximal and distal parts were not used. 

Relatively small loops of the intestine were isolated by ligature, 
some of them being used for fat uptake, the other ones serving as 
non-absorbing controls from the same animal. 

The experiments were carried out on young white rats of about 
150 g weight. 

The 32 P was given as intramuscular injections of sodium phos- 
phate, which is almost completely absorbed and evenly distributed 
in the blood within 15 minutes. The 32 P was given at different 
times in relation to the end of the fat absorption experiment. When 
a specially rapid absorption and distribution of the 32 P was desired, 
the injection was given intracardially. 

All operations were carried out in urethane narcosis. When the 
abdomen is opened in the mid line, there is almost no bleeding, and 
precautions against blood loss are not necessary. With ligature silk 
loops of the small intestine, each of them about 2 — 3 cm in length, 
were carefully isolated. Much care ought to be taken to place the 
ligatures on such places that the blood circulation of the small loops 
remains as far as possible undisturbed. The operations were carried 
out in a room heated to 35° C and nearly saturated with moisture. 
To prevent injury of the intestine by evaporation, there was further 
throughout the experiment dripped physiological saline on it. 

Alternate intestine loops were used for absorption of fatty acid, 
the intermediary loops used as simultaneous controls. Emulsions of 
oleic acid (1 per cent) in sodium taurocholate solution (4 per cent) 
were injected into the loops through a thin cannula, the correspond- 
ing taurocholate solution without oleic acid into the control loops. 

When all the loops are not to be taken out simultaneously, the 
blood vessels leading to the loop to be cut out must be tied, else the 
animal bleeds to deaith. 

The piece cut out is distended on a cork plate and frozen with 
CO-ice to stop possible metabolic processes in it. It is then rapidly 
dried in vacuo, afterwards the extraction of the lipids is made with 
an alcohol-ether mixture (equal parts of absolute alcohol and ethyl 

ether) . 
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Absorptionofolcicacid. 

In the graphs given in figures 4 to 8 the radioactivity is given 
in arbitrary units calculated per mg intestine. The quantity of S2 P 
administered, the experimental time, and consequently the serum 
activity etc. have not been constant in the different experiments, 
and the absolute values for the radioactivity cannot therefore be 
compared in the different experiments. 



FIG. 4. 

Radioactivity of phospholipids from rats intestine given in arbitrary units per 
gram dry intestine. Animal killed 14 minutes after intracardial injection of 32 P. 

White columns : loops absorbing oleic add, hatched colums : control loops. 

The four columns at the right end of the figure give the phospholipid activity 
found in intact intestine at the same time. 

In the experiment shown in figure 4 the operation was carried 
out and the solutions injected into the loops / 2 hour before the 
injection of 32 P. In this way the intesdne was fully engaged in fat 
uptake when the 32 P reached it by the blood. The 32 P was injected 
intracardially to secure a momentary distribution in the circulation. 
In order to control that the injection had really gone directly into 
the heart, the injection fluid was coloured by the harmless dyestuff 
T 1824. The animal was killed 14 minutes later. 

It will be seen that in all the loops containing oleic acid, the 
lipid radioactivity is considerably in excess of that in the control 
loops. 

The four columns at the right end of figure 4 show the lipid 
activity found in pieces from the unligatured parts of the intestine. 
The values are here rather constant and higher than in the ligatured 
control loops. Probably this is due to a better circulation in the intact 
intestine, but the result shows that the conditions in the isolated loops 
are not very far from normal. 
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In the experiment shown in figure 5 the operation was begun 
2 hours after the injection of 32 P and the experiment was finished 
1 hour later. 



FIG. 5. 

Radioactivity in phospholipids from rats intestine 3 hours after injection of 32 P. 
Below the columns is given the time in minutes from the injection of oleic acid 
into the loops until the loops in question was cut ut. 

White columns : loops absorbing oleic acid, * hatched columns : control loops. 

The loops were cut out at different times after the injection of 
the oleic acid emulsion. The loops having contained oleic acid showed 
a higher activity than the control loops, and the longer time the 
loops had contained the fatty acid, the higher activity was found. 

The results of these two experiments are so uniform that a con- 
siderable larger synthesis of phospholipids seems to take place in the 
intestinal wall when it absorbs fatty acid. 

The results of these experiments can be 'explained in two different 
ways : 

1) An increase in the total amount of phospholipids in the in- 
testine, or 

2) An unaltered amount of phospholipids, but increase in its 
activity. 

The analyses given on page 50 ff. give evidence against the 
first assumption, but since the blood circulation is probably not 
quite sufficient in these experiments, the transport of a supposed 
new-formed phospholipid away from the intestine could have been 
decreased. 

The second assumption is the most probable. Phospholipids are 
synthesized, but they are removed at about the same rate as they 
are formed. They could be removed by splitting or they could be 
transported away from the intestine. 
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From Hevesys experiments it is known that the phospholipid 
normally present in the intestine has exchanged its phosphorus in 
about 24 hours. Therefore the phospholipid in the control loops in 
experiment 2 (two hours after 32 P administration) have not reached 
the activity of the serum. Consequently, if phospholipid is new syn- 
thesized from its components it must have a considerably higher 
activity. This new formed phospholipid could very well be imagined, 
to some extent, to mix with and to “wash out” some of the less active 
phospholipid already present, whether it is brought away by transport 
from the intestine or by splitting. 

If we accept this hypothesis, we still don’t know if there is formed 
phospholipid which is transported away, or if the synthesis is only 
an intermediary process in the metabolism of the cells, e. g. a tem- 
porary process in the transport of the fatty acids through the border 
of the epithelial cells from the content of the intestinal lumen towards 
the basis of the cells. 

A determination of the phosphorus content of the lipid samples 
permits a calculation of the activity of the phosphorus combined in 
the lipids (specific activity of the phosphorus). 

Unfortunately the analyses failed in this special case and gave 
an uncertainty of about 20 per cent on the results. The specific 
activity, calculated as activity per mg lipid phosphorus, gave the 
following figures: 


loops absorbing oleic acid 0.96 + 0.12 

control loops 0.65 + 0.18 


The figures show a somewhat lower specific activity in the con- 
trol loops, but the difference is not statistically significant. 

In figure 6 is given an experiment which is carried out like 
that in figure 5, but the 32 P was injected eight days before the ab- 
sorption experiment was carried out. We find almost the same acti- 
vities in all the loops, either they have contained fatty acid or not. 



FIG. 6. 

Radioactivity in phospholipids from rats intestine 8 days after injection of 32 P. 
White columns : loops absorbing oleic acid, hatched columns : control loops. 
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The result is easily explained. From Hevesys work it is known 
that the phosphorus of the lipids in the intestine reaches equilibrium 
with the phosphorus of serum in about 24 hours. The phospholipids 
present in the intestine before the absorption experiment are conse- 
quently formed between the 7th and 8th day after the 32 P was 
introduced. After so long time the level of 32 P is not much altered 
within one day. The phosphorus of the new synthesized lipids has 
therefore almost the same specific activity as that of those already 
present. We know that no increase in the total amount of phospholi- 
pids can be expected, and consequently we find the same activity 
in fat absorbing and non absorbing loops. 



FIG. 7. 

Radioactivity in phospholipids from rats intestine 28 hours after injection of 32 P. 
White columns : loops absorbing oleic acid, hatched columns : control loops. 


Figure 7 shows an experiment carried out 28 hours after the 
injection of 32 P. The results are somewhat irregular, but on the 
whole the oleic acid containing loops have a lower and more constant 
activity level. The result can be explained by a reasoning similar to 
the above. 

At this point of time the activity level of the serum is low as 
compared with that in the foregoing day and night, and the slope 
in the curve of serum activity is still steep. The phospholipids present 
in the intestine have therefore a higher activity than the new ones 
formed during -the experiment with the relatively low activity level. 

Phlorrhizin poisoning. 

In the introductory chapter the phosphorylation theories of 
Verzar were mentioned (p. 22 ff.). His experimental attempts to in- 
fluence phospholipid formation by poisoning with monoiodoacetic 
acid or phlorrhizin were discussed and to some extent criticized. 

A single experiment was carried out to control Verzars work. The 
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chief object in this experiment was to avoid the general poisoning 
of the animals which was produced in the experiments carried out 
by Verzar (subcutaneous injection of the drugs). This intention was 
realized by applying the poison directly in the intestine. In this way 
the intestine may be exposed to a relatively high concentration of 
the poison, and nevertheless a poor general condition of the animal 
is avoided. 



d ofe / c 
HI o/e/c 


acid. Esa contro/s . 
acid + ph/orrhizin. 


FIG. 8. 

Radioactivity in phospholipids from rats intestine in which some of the loops 
were poisoned with phlorrhizin. 


The experiment shown in figure 8 was carried out with the 
technique of a series of isolated loops of the intestine. The concen- 
tration of phlorrhizin applied was 0.02 molar (about 1 per cent) 
as used by Carlsen (1945) in work on amino acid and glucose ab- 
sorption. In some of the isolated intestinal loops were injected an 
oleic acid emulsion, in others the same emulsion with the phlorrhizin 
added. The control loops contained pure sodium taurocholate solu- 
tion. 

On the narcotized rat, the loops were isolated and the solutions 
injected into them. It was assumed that after 15 minutes the ab- 
sorption of the fatty acids would be running and that the poisoning 
would have developed in the loops containing phlorrhizin. At this 
point of time the 32 P was injected intracardially, and 30 minutes 
later the animal was killed. 

From the figure it is seen that the formation of phospholipids 
is of the same order of magnitude in the poisoned loops as in non 
poisoned, and in both of them considerably larger than in the con- 
trols. The formation of new phospholipids is, in this experiment, not 
prevented by phlorrhizin. 
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TABLE 15. 

Experiment showing the formation of phospholipids in phlorrhizin poisoned 

intestine. 



Weight 

mg 

Activity 

Activity per 
gram 
intestine 

/tMol li- 
pid P per 
gram 4 
intestine 

Specific 

activity 

Loops containing oleic acid, 






in all 

234 

19.1 

81 

120 

0.68 

Loops containing oleic acid 






+ phlorrhizin, . in all 

226 

15.7 

70 

85 

0.82 

Control loops, in all 

86 

2.9 

34 

100 

0.34 


The numerical data of this experiment are summed up in 
table 15. 

The lipid activity in the loops containing oleic acid is not signifi- 
cantly higher than in the poisoned ones. The specific activity of the 
lipid phosphorus is a little higher in the poisoned loops. 

The experiment was repeated in just the same way. The results 
given in table 16 show results similar to the above. There is no 
definite difference in the formation of phospholipid in poisoned and 
non-poisoned loops. The control loops have formed much less of 


TABLE 16. 

The formation of phospholipids in phlorrhizin poisoned intestine. 



Lipid P activity 
per gram intestine 

Specific activity of lipid P 

Single loops | Mean 

Single loops j 

Mean 

Loops containing 

12.9 

3.88 


oleic acid 

7.3 9.7 

2.16 

3.12 


8.8 

5.31 


Loops containing 

9.8 

2.65 


oleic acid + 

10.8 9.1 

2.45 

2.96 

phlorrhizin 

6.7 

3.78 



2.8 

1.14 


Control loops 

8.0 5.2 

’ 1.15 

1.26 


4.7 
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new phospholipids. Corresponding to this the specific activity is 
lower in the loops forming new phospholipids at the low rate. 

From these experiments it will be seen that the rate of formation 
of phospholipids in the intestine is not depressed by phlorrhizin in 
a concentration which interferes heavily with glucose absorption. 

Control experiments, absorption of glucose. 

The main result of the experiments on absorption of oleic acid 
is that when the intestine absorbs oleic acid, phospholipids are 
formed at a considerably higher rate than in non absorbing intestine. 

This increased rate of phospholipid formation may be due to a 
formation of phospholipids caused by the absorption of fatty acids, 
but another possibility cannot be excluded. When general absorption 
work is carried out, the metabolism of the cells increase and it 
might be suggested that this increase also interferes with the phospho- 
lipids. In other words, the turnover of phospholipids may follow 
an increase in the general metabolism of the intestine caused by 
absorption work. 

If an increased activity gives increased phospholipid turnover, 
the absorption of glucose should give an effect similar to that of fatty 
acid absorption. 

Experiments to investigate the effect of glucose absorption upon 
phospholipid formation, as compared with the effect of fatty acids, 
were carried out similar to the experiments described in the pre- 
ceding chapter. In table 17 the results are given of an experiment in 
which solutions containing respectively oleic acid and glucose were 
injected into alternate loops of the small intestine. 

The oleic acid emulsion was the same as that used in the ex- 
periments described above, 1 per cent oleic acid in 4 per cent Na- 
taurocholate solution. The glucose solution was a 0.15 molar (ca. 
2.7 per cent) solution in 4 per cent Na-taurocholate (to make sure 
that no difference arises from a different bile acid content of the 
loops) . 

The figures in table 17 show that the total amount of phospho- 
lipids is the same in oleic acid absorbing and glucose absorbing loops. 
But the specific activity of the phospholipids is considerably higher 
in the loops absorbing oleic acid. The difference is about the same 
as that between oleic acid absorbing and non absorbing loops. 

From this it will be seen that the phospholipid formation in 
glucose absorbing intestine is considerably lower than in fatty add 
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TABLE 17. 


Formation of phospholipids in oleic acid absorbing intestine compared with 

glucose absorbing intestine. 



^Mol lipid P per 
gram intestine I 

Radioactivity of lipid P 
per gram intestine 

Specific activity of 
lipid P 

Single | 
loops i 

mmM 

| Single 

1 loops 

Mean 

Single 

loops 

Mean 

Oleic acid 

48 


108 


2.24 


absorption 47 


141 


3.01 



65 

57.6+6.5 

125 

131.8+11.6 

1.91 

2.42+0.29 


80 


113 


1.41 



48 


172 


3.55 


Glucose 

32 


63 


1.96 


absorption 

48 


76 


1.57 



45 

50.2+6.1 

103 

80.1+ 6.5 

2.30 

1.68+0.19 


58 


79 


1.36 



68 


82 


1.21 



absorbing, but the rate of phospholipid formation might still be some- 
what increased compared with non absorbing intestine. 

To see whether glucose absorption causes any rise in phospolipid 
turnover as compared with the resting intestine, an experiment was 
carried out where 0.3 molar glucose solution (ca 5.4 per cent) was 
injected into each second loop, the other loops left undisturbed. An 
other advantage of this course was that a possible harmful influence 
of the bile acid was avoided. 

The result is given in table 18. 


TABLE 18. 

Formation of phospholipids in glucose absorbing loops of the intestine compared 

with non absorbing loops. 



/(Mol lipid P per 
gram intestine 

Radioactivity of 
lipid P per gram 
intestine 

Specific activity 
of lipid P 

Single 

loops 

Mean 

Single 

loops 

| Mean 

Single 

loops 

Mean 

Glucose absorbing 

88 


377 


4.26 


loops 

104 

97 

363 

325 

3.48 

3.38 


98 


236 


2.41 


Non absorbing 

99 


342 


3.47 


loops 

94 

109 

314 

317 

3.34 

3.13 


114 


294 


2.58 


Unligatured 

119 

108 

319 

356 

3.67 

3.85 

loops 

97 


392 


4.04 
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No difference is found between the absorbing loops and the 
resting ones. For comparison two pieces of the non ligatured intestine 
was analysed. The activity in these pieces are a little higher, but the 
difference is not statistically significant. A certain difference would 
be expected, since the ligatures must unavoidably influence a little 
upon the blood circulation of the ligatured loops. 

The increase in cell activity caused by glucose absorption brings 
about no rise in phospholipid turnover corresponding to the rise 
found in fatty acid absorption. 

ATTEMPTS TO JUDGE THE RATE OF FORMATION OF 
PHOSPHOLIPIDS 

The experiments on isolated loops of the intestine are not well 
suited for a calculation of the rate of phospholipid formation. The 
blood circulation can hardly be expected to be adequate in the 
loops, and further disturbances arc brought about by the narcosis, 
the handling of the intestine, the displacement of it, the cooling 
etc, even if the drawbacks of these factors are kept as small as 
possible. 

Therefore, a series of experiments were carried out on a number 
of intact animals. 

Rats were given an ample amount of peanut oil (2.5 gram) 
by stomach tube. The fat absorption ought to be at its maximum 
after about 5 hours. At this time, when the hypothetical phospholipid 
synthesis runs at full speed, the 32 P was injected intramuscularly. 

In the series of experiments given in table 19 the animals were 
killed 15 minutes after the injection of 32 P. 


TABLE 19. 

Radioactivity of phospholipids in fat absorbing and resting intestines 
respectively, 15 minutes after the administration of 32 P. 



~ 

Weight | 
gram j 

Activity of the 
P-lipids per 
gram intestine 

/t Mol linid 

P per gram 
intestine 

/rMol fatty 1 
acid per j 
gram j 
intestine | 

Spec. act. 
of lipid P 

Spec. act. 
of serum P 

Control 

190 


33 

184 

0.24 

683 

animals 

180 

43 

201 

0.22 

750 

2.5 g peanut 

205 

s;h» 

45 

543 

0.67 

656 

oil by 

210 

50 

498 

0.47 

606 

stomach tube 







Knut Schmidt-N/cIsen 
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The phospholipid found when the intestine is engaged in fat 
uptake has an activity about 3 times that found in the resting 
intestine. This means that during the 15 minutes the serum has con- 
tained 32 P, a more extensive synthesis of phospholipid has taken 
place in the fat absorbing intestine. 

The total amounts of phospholipid in the intestine are not very 
different from the normal values given in table 7 (page 50). The 
amount of fatty acid is also of the same magnitude as in table 7, 
i. e. a considerable increase in intestines absorbing fat. 

During the 15 minutes the activity of the serum has been varying 
greatly. Generally, when injecting 32 P we find a sudden increase for 
some minutes, a maximum, and then again a rapid decrease. Ini- 
tially the fall is very rapid, later it becomes more and more slow. 
When the first 15 minutes have passed, the serum activity curve has 
reached the rapid decrease. Because we have no constant activity 
in the serum phosphorus, it is very difficult to calculate the quan- 
tities of phospholipids synthesized in the period. 

If we compare the specific activity (activity per P atom given 
in arbitrary units) of the inorganic phosphorus of the serum and 
that of the lipid phosphorus in the intestine, we can form a con- 
ception of how much phospholipid can be synthesized using serum 
phosphorus as building material. 

We find that the specific activity in the phospholipid from fat 
absorbing intestine is one thousandth part of that in serum. The 
specific activity of the phospholipids in the intestines of the control 
animals is about 1/3000 part of the specific activity of serum. 

From this it is evident that only a minute fraction of the pho- 
spholipids can have been synthesized from its components using 
serum phosphorus as building material. 

A series of experiments were carried out like those mentioned, 
but the animals lived 60 minutes after the injection of 32 P (table 20). 

When the animals were killed 60 minutes after the injection of 
32 P, there had been built up considerably more active phospholipid, 
but the proportion of phospholipid formed in fat absorbing intestine 
in relation to the resting intestine was of the same order of magnitude 
as in 15 minutes experiments. The relation between the quantities 
of phospholipid metabolized in fat absorbing and in non absorbing 
intestine is consequently about the same after 15 minutes and after 
60 minutes. 

When we compare the specific activity of the intestinal phospho- 
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TABLE 20. 


Radioactivity of phospholipids in fat absorbing and resting intestines 
respectively, 60 minutes after the administration of :l -P. 



Weight 

(tram 

i 

Activity of 
the P-lipids 
per sram 
intesrine 

j 

/« Mo! lipid | 
P per gram i 
intestine j 

ft Mol ! 
fatty acid ; 
per gram j 
intestine | 

Spec. act. of 
lipid P 

1 

j Spec. act. of 
i scrum P 

! 

Control 


mm 

37 

262 

2.1 ) 

311 

animals 


iff! 

40 

— 

2.6 p- 35 

303 

2.5 g peanut 

260 

430 

34 



10.71 

328 

oil by 

stomach tube 

225 

413 

50 


8.3 | 9-5 

356 


lipids with that of the serum, we find it to be 1/30 of the serum 
spec, activity. Since the spec, activity of the serum is decreasing at 
this moment, an unknown proportion of the phospholipid has been 
formed during the period of higher activity, and if the phospholipids 
were synthesized using scrum phosphorus as building material, we can 
say nothing about the percentage of the phospholipids in the in- 
testine renewed in the period. 

Generally, if turnover rates are to be calculated, the activity 
level of the scrum ought to be kept constant by continuous injection 
of the labelled phosphate. These relations are discussed in detail 
by Hevesy and Hahn (1940, 1). Because of several difficulties, some 
of them to be discussed in the following chapter, we may suppose 
that even if the serum activity is kept at a constant level during the 
experiments, such experiments will not give much further elucidation 
of the processes treated in this paper. 

DISCUSSION OF 3 =P EXPERIMENTS 

If a phospholipid formation is necessary for fat absorption we 
have two main possibilities, viz. 

1 ) Phospholipids are synthesized in large amounts from the ab- 
sorbed fatty acids and transported away. This alternative requires 
a large amount of phosphorus, which ultimately must be taken from 
the serum phosphorus. 

2) Phospholipids are synthesized in the epithelial cells of the 
intestine as an intermediate step in the uptake of fatty acids and 
resynthesis of neutral fat. The fatty acid — glycerol part of the 
phospholipid molecule may be split off, and the phosphorus con- 
taining part of the molecule still be left more or less undisturbed. 


5 * 
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1 ) It is not probable that phospholipid is transported away at a 
very rapid rate. In this case very active phospholipid would be found 
in the lymph or blood leaving the intestine. The increase in blood 
phdspholipid activity, found by Hevesy & Lundsgaard (1937) to 
be only moderate during fat absorption, speaks against this. In the 
writers experiments the activities of the blood lipids were always 
too small for counting them. 

2) An approximate calculation gives some information con- 
cerning the sources of phosphorus if the phospholipid synthesis takes 
place using fresh phosphorus atoms. 

If a rat of average size (200 gram) can digest and absorb, say, 
1 gram fat in 4 hours, the absorption per hour is 250 mg, or ap- 
proximately 1 mMol fatty acid per hour. (This value corresponds 
to the values given for dogs by Arnschink (1890).) The order of 
magnitude of the lipid phosphorus content in the total small in- 
testine is less than 0.05 mMol, corresponding to less than 0.1 mMol 
fatty acid in the phospholipid (2 Moles fatty acid per Mole P). 
Consequently, the amount of phospholipid synthesized during fat 
absorption in 1 hour should be more than 10 times as large as the 
preexisting phospholipid. 

The inorganic phosphorus content of the total small intestine is 
about 25 fi Mol, and cannot yield enough phosphorus for the syn- 
thesis unless every P atom can be used several times. 

We know very little about the sources of phosphorus from which 
the phospholipid synthesis takes place. 

We may suppose that the new formed phospholipids in the 
intestine are really synthesized by the tissue and not transported to 
it by the circulation. Hevesy &[Hahn (1940, 2) introduced labelled 
phosphatides into the circulation of rabbits, and investigated the 
rate of penetration of the labelled molecules into different organs. 
They found, in experiments of 4 hours duration, that the penetration 
into the small intestine was very slow (1940, 2, p. 15). Therefore 
we may suppose that the relatively rapid increase in phospholipid 
activity in experiments of up to 1 hour in duration are due to pro- 
cesses going on in the intestinal tissue. 

It is very improbable that the phospholipids are synthesized 
directly from the serum phosphorus. In all likelihood the phosphorus 
passes the cell wall before taking part in the synthesis, and the 
phosphorus used for synthesis cannot have an activity higher than 
that of the inorganic phosphorus in the cell. 
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TABLE 21. 

Relation between the specific activity of the scrum P, cell inorganic P, and 
lipid P from the intestines from 3 rats. Arbitrary units. 


Serum P 

Spec. act. 

| Cell inorganic P Spec. act. 

Lipid P Spec. act. 

fit absorbing 
intestine 

non absorbing 
| intestine 

fat absorbing 
intestine 

non absorbing 
intestine 


131 

136 

7.8 

3.3 


293 

222 

6.9 

4.1 

1000 

— 

263 

— 

2.9 


In tabic 21 arc given the specific activities of scrum phosphorus, 
inorganic cell phosphorus and phospholipid phosphorus in the small 
intestines of three rats. We find that the phospholipid specific 
activity is about 5, i. e. 1/200 of the serum specific activity but as 
compared with the cell inorganic phosphorus its specific activity 
is 1/40. 

This value would be reached if the phospholipids were totally 
renewed in 1/40 part of the cells and unchanged in the others. This 
cannot be the real situation, because even in the resting intestine 
the turnover is relatively rapid. On the other hand, the epithelial 
cells make up such a small fraction of the total intestinal tissue 
that the phospholipid specific activity in them may very well be of 
the same magnitude as the inorganic phosphorus. 

There is good reason to believe that the increase in phospholipid 
formation described in the preceding chapters is really essential in 
fatty acid absorption. Further we know that the main chemical 
processes connected with absorption are probably limited to the 
epithelial cells. If the increase found is caused by an increase only 
or mainly in the epithelial cells, the phospholipid turnover in these 
cells may be extremely rapid. 

Further information on this point might be expected to be found 
by analyzing the mucosa or, if possible, the isolated epithelium. 










GENERAL DISCUSSION 


The present investigation was carried out as an attempt to throw 
some light upon the chemical processes involved in fat absorption. 

The most recent work on fat absorption ( Frazer ) shows that 
the absorption of fat may take place in the unsplit condition as 
minute droplets, but there is no doubt that the absorption of fat can 
also take place in the way that the fats are hydrolysed to fatty acids 
and glycerol and the components absorbed separately. 

The fats are split by the lipolytic enzymes of the digestive juices. 
Pflugers theory was that the fatty acids then combine with the 
sodium bicarbonate of the pancreatic juice to form soaps. The fatty 
acids are in this way made water soluble and may be absorbed in 
this state. Later on it was stated that the reaction of the intestine 
was actually slightly acid, and Pflugers theory of soap formation 
was rejected. It was well known that soaps are split up when an acid 
is added, and it was taken for granted that no soap ( or only infinite- 
simal quantities of soap) can exist at the pH of the intestine. 

In the writers experiments it was shown that if an acid is added 
to a soap solution until the pH of the intestine is reached, there will 
still be a considerable fraction of the fatty acids present as soap. 
Therefore, the pH of the intestinal contents is not a hindrance to 
the. absorption of fatty acids as soaps. 

When fatty acids or soaps are introduced into the small in- 
testine they are readily absorbed, esp. when bile acids are present. 
The bile acids have the property of keeping the fatty acids in aque- 
ous solution. Therefore it has been supposed that the fatty acids 
are absorbed as a water soluble bile acid complex. This complex 
must be of considerable size because a number of bile acid mole- 
cules (3—8) is necessary for keeping one fatty acid molecule in 
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solution. The molecular weight of glycocholic or taurocholic acid is 
about 500, and the complex will therefore have a molecular weight 
of about 2000 — <1000. It is not easy to imagine that a complex of 
that size is well suited for crossing the epithelial border. 

Even if the bile acid complex is not absorbed, it has a very great 
importance because the fatty acids are kept in solution. If soaps are 
absorbed from the intestinal content, the complex can immediately 
give off fatty acids and restore the soap-fatty acid equilibrium. This 
would not be the case if the fatty acids had separated out from the 
aqueous phase. It is in agreement with this conception that in 
absccnce of the bile the fat absorption is retarded. 

Concerning the fate of the fatty acids which have entered the 
epithelial celLs of the villi, we do not know much. 

It has been suggested that the fatty acids arc synthesized to 
phospholipids as a step in the further transport away from the epi- 
thelial cell. A considerable turnover in the phospholipids of the 
intestine during fat absorption was demonstrated by Sinclair. He 
found that if characteristic fatty acids arc fed, a very considerable 
proportion of the fatty acids in the phospholipids of the intestine 
are found to be replaced by new fatty acid molecules. This was 
explained by the supposition that an extensively increased phospho- 
lipid synthesis was involved in the transport mechanism. It is not 
possible from these experiments to conclude that a phospholipid 
synthesis is a necessary' process in fat transport. If the fatty acids 
of the phospholipids can dissociate off at all, the presence of other 
fatty acids in the neighbourhood will result in an exchange between 
the fatty acid molecules. It is not improbable that the phospholipids 
are dissociated to a minute extent, since it must be supposed that 
esterases of a suitable character probably are present in all cells. If 
the characteristic fatty acids are present in a cell at all, they will 
therefore also appear in the phospholipids. 

The result of the present investigation, that the turnover of the 
phosphoric acid part of the phospholipid molecules in the intestine 
is also much increased during absorption of fatty acids, makes it 
probable that the phospholipid turnover is really a process of much 
importance to fatty acid uptake, perhaps essential in it. 

It would be of interest to know in which part of the intestinal 
wall the most intense turnover takes place, and to know if only one 
single fraction of the phospholipids has the rapid turnover rate, or 
if all the different types of phospholipids are engaged. 
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An investigation of these problems will probably make possible 
a better founded conception of the mechanisms of fatty acid ab- 
sorption. 

At the present we can say that the fatty acids which are split 
off in the intestine by the action of lipase are kept in solution by the 
bile acids. A considerable fraction of the fatty acids in the intestinal 
content are present as soaps. It is more probable that the passage 
through the cell surface takes place in a molecularly dispersed form 
than as a bile acid complex of large size. It has been made very 
probable that a phosphorylation process is essential in the further 
transport of the fatty acids, possibly in resynthesizing them to neu- 
tral fat. 



SUMMARY 

I. In the introductory chapter is given a review 
of the present state of conception of fat absorption in the mammalian 
intestine. 

In the first years of this century the viewpoint \Vas brought for- 
ward and made probable that fat absorption only takes place after 
total hydrolysis of the fat. The most important work supporting this 
theory and some facts speaking against it are mentioned. 

The theory of total hydrolysis is not in agreement with the recent 
work of Frazer , whose most important publications are referred to 
in detail. Frazer found that paraffin oil, which cannot be hydro- 
lysed or split up by the digestive process, may be absorbed, when 
it is finely emulsified. Further his results led to the view that un~ 
hydrolysed fats arc absorbed into the lymphatics but free fatty acids 
are absorbed into the blood vessels. Frazer showed that fatty acids 
are not absorbed as droplets, and his results are in agreement with 
the conception that chemical processes are essential in the fatty acid 
absorption. 

II. In the technical part are described the analytical 
methods used in the present investigation. 

The extraction of the lipids from the tissue samples is not carried 
out in the usual manner which requires a total removal of the lipids. 
Instead of this complicated process, the tissue sample is enclosed in 
an ampoule together with a known quantity of the extraction fluid. 
Aliquot parts of this are pipetted of for analysis, and afterwards 
the total amounts of extractible matter are calculated. 

The adequacy of the method is tested on tissue samples, con- 
taining phospholipids tagged with radioactive phosphorus. 
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The fatty acid titration is carried out according to the method 
previously described by the writer. Some simplifications in the proce- 
dure are described. 

The quantitative determination of phospholipids is carried out 
by a phosphate analysis. 

The technique for the measurement of radioactive substances as 
applied in biological research is described. The special technique 
developed for measurement of phospholipids without isolation of 
the phosphorus is described and the reliability of the method is 
demonstrated. 

III. In the experimental part two main problems are 
treated, viz. the possible existence of a certain amount of soaps in the 
intestinal content, and the investigation of the hypothetical phospho- 
rylation of the fatty acids during absorption. 

The common conception is that soaps cannot exist at the pH 
of the intestine. Pfliigers old theory that the fatty acids are absorbed 
as soaps has therefore been abandoned. From a chemical viewpoint 
this is not correct, there must always be a certain amount of the fatty 
acids present as soaps in the intestinal content. 

The quantity present as spap cannot be calculated in the usual 
way according to the law of mass action, because the dissociation 
constants of higher fatty acids are not known. Therefore electro- 
metric titration curves were made for oleic acid as an example of 
a long chain fatty acid. It was shown that the fatty acid — soap 
system cannot be treated in the usual manner in calculations of the 
dissociation constants. 

The titration curve takes another course if a paraffin chain sul- 
' fonic acid is added to the system to prevent the fatty acid from 
separating out during the titration. 

From the curves the fraction of the fatty acid which is present as 
soap at a given pH, in casu the pH of the intestine, may be ap- 
proximately calculated. 

In the pure oleic acid system ca 14 per cent of the acid is present 
as soap at pH = 7 and 5 per cent as soap at pH = 6. In the system 
to which sulfonic acid is added the corresponding fractions are ca 
25 per cent and 10 per cent respectively. 

It may be supposed that the bile acids have an effect similar 
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to that of the paraffin chain sulfonic acids, i. e. that when these 
acids are present in the intestinal content a considerable proportion 
of fatty acids arc present as soaps. 

The formation of phospholipids during absorption of fat was in- 
vestigated by means of radioactive phosphorus ( 32 P) as indicator. 

It was not' possible to find an increase in the total amount of 
phospholipid in any part of the intestine during fat absorption. 
Therefore, if a phospholipid synthesis takes place, the newformed 
phospholipids must cither be transported away or split up again near 
the place of formation. 

By the use of :i2 P it was shown that the formation of phospholipids 
is considerably higher when oleic acid is absorbed by the intestine 
than in the non-absorbing intestine. 

Poisoning with phlorrhizin did not decrease the rate of formation 
of phospholipids. 

The increase in phospholipid formation could not be ascribed 
to the general increase in cell activity, because intestinal loops ab- 
sorbing glucose did not synthesize phospholipids at the rapid rate 
but at the same low rate as non-absorbing intestine. 

The activity of the phosphorus built into the phospholipids (ex- 
pressed as specific activity) gives some information concerning the 
rate of formation of the phospholipids. The turnover of phospholipids 
in resting intestine and in fat absorbing intestine takes place at dif- 
ferent rates. The possibility of judging these rates from the present 
experimental material is discussed. 

In the last chapter the general points in fat absorption arc discus- 
sed in relation to the writers experiments. 



SUMMARY IN DANISH 

DANSK RESUME 

I indledningskapitlet gives der en oversigt over den 
nuvaerende opfattelse af fedtoptagelsen i pattedyrenes tarm. 

I de forste aar af dette aarhundrede blev det synspunkt fremsat 
og sandsynliggjort, at fedtoptagelse kun sker efter fuldstasndig hydro- 
lyse af fedtet. De vigtigste arbejder som stotter denne teori omtales, 
ligesom visse forhold der taler imod. 

Teorien om fuldstaendig hydrolyse kan ikke bringes i overens- 
stemmelse med Frazers arbejde. Frazers vigtigste publikationer om- 
tales detailleret. Han fandt at paraffinolie, som ikke kan hydrolyseres 
eller spaltes af fordojelsen, kan optages naar den er fint em'ulgeret. 
Videre forte hans arbejde til det synspunkt at ikke hydrolyseret fedt 
transporteres fra tarmen gennem lymfekarrene medens fri fedtsyrer 
transporteres af blodkarrene. Frazer viste at fedtsyrer ikke optages 
som en emulsion, og hans resultater er i overensstemmelse med den 
opfattelse at kemiske processer er af vaesentlig betydning ved fedt- 
syreoptagelsen. 

Det arbejde som er udfort for at undersage de kemiske processer 
ved fedtoptagelsen diskuteres med saerlig henblik paa teorien om at 
en fosforylering af fedtsyreme er nodvendig for deres optagelse. 

I den tekniske del beskrives analysemetoder. 

Ekstraktionen af fedtstoffeme fra vaevsproveme er ikke udfort 
paa den saedvanlige maade, der kraever en fuldstscndig fjemelse af 
lipoideme. I stedet for denne komplicerede fremgangsmaade bliver 
vaevsproven Iukket inde i en ampul sammen med en kendt maengde 
af oplosningsmidlet. Naar alikvote dele udtages til analyse, kan de 
totale maengder af lipoider dercfter beregnes. 
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Metodens paalidelighed er pr 0 vet paa vaevsprover som indeholder 
phospholipoider maerket med radioaktivt fosfor. 

Fedtsyrebestemmelser blev udfort efter en metode som tidligere 
er beskrevet af forfatteren. Nogle forenklinger af metoden er be- 
skrevet. 

Den kvantitative bestemmelse af fosfatider blev udfort ved en 
fosfatanalyse. 

Den teknik som bruges til maaling af radioaktive substanser i 
biologisk forskning beskrives. Den teknik som blev udviklet til maa- 
ling af phospholipoider uden isolering af fosforet beskrives, og meto- 
dens paalidelighed paavises. 

I den eksperimentelle del behandles to hovedproble- 
mer, nemlig muligheden af at der kan findes en vis maengde saeber 
i tarmindholdet, og undersogelsen af den hypotetiske fosforylering af 
fedtsyrer under optagelsen. 

Den almindelige opfattelse er at der ikke kan findes saeber ved 
tarmindholdets pH. Pfliigers gamle teori om at fedtsyrer optages 
som saeber blev derfor opgivet. Fra et kemisk synspunkt er dette ikke 
korrekt, en given del av fedtsyreme maa altid vaere tilstede som saeber 
i tarmindholdet. 

Den maengde der er tilstede som saeber kan ikke beregnes paa 
den saedvanlige maade ved brug af maissevirkningslovcn, fordi de 
hojere fedtsyrers dissociationskonstanter ikke kendes. Derfor udfortes 
elektrometriske titreringer af oliesyre som eksempel paa en langkaedet 
fedtsyre. Det vistes at systemet fedtsyre — saebe ikke kan behandles 
paa den saedvanlige maade ved beregning af dissociationskonstanter. 

Titreringskurven faar et andet forlob hvis der tilsaettes en lang- 
kaedet sulfonsyre til systemet som forhindrer fedtsyren i at udskilles 
under titreringen. 

Ved hjaelp af kurveme kan man tilnaermet beregne den maengde 
af fedtsyreme som findes som saeber ved en given pH, i dette til- 
faelde tarmindholdets pH. 

I det rene oliesyresystem er 14 % af syren tilstede som saebe ved 
pH = 7 og 5 % som saebe ved pH — 6. I det system som indehol- 
der sulfonsyre er de tilsvarende maengder henholdsvis ca 25 % og 
10 %. 

Der er grund til at formode at galdesyreme har en lignende 
virkning som sulfonsyreme, d. v. s. at naar galdesyrer er tilstede i 
tarmindholdet er en storre maengde af fedtsyreme tilstede som saeber. 
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Dannelsen af fosfatider under fedtoptagelsen er undersagt med 
radioaktivt fosfor ( 32 P) som indikator. 

Det var ikke muligt at finde en foroget fosf^tidmsengde i nogen 
del af tarmen under fedtoptagelse. Hvis der sker en fosfatiddannelse 
maa de nydannede fosfatider enten transporter fra tarmen cller 
spaltes igen i naerheden af det sted de er dannede. 

Ved brug af 32 P vistes det at der er en betydelig storre dannelse 
af fosfatider i tarm som optager oliesyre end i tarm som ikke op- 
tager oliesyre. 

Forgiftning med phlorrhizin nedsatte ikke dannelsen af fosfatider. 

Forogelsen i fosfatiddannelsen kunde ikke tilskrives en almindelig 
foroget celleaktivitet, fordi tarmslynger som optager glukose ikke 
danner fosfatider med den hastighed som fedtsyreoptagende tarm, 
men med den lave hastighed som ikke optagende tarm. 

Aktiviteten i det fosfor som er indbygget i fosfatideme (udtrykt 
som specifik aktivitet) giver nogen oplysning om den hastighed som 
fosfatideme dannes med. Omsastningen af fosfatider i hvilende tarm 
og i fedtoptagende tarm foregaar med forskellig hastighed. Mulig- 
hedeme for at bedommc disse hastigheder fra det foreliggende eks- 
perimentelle materiale diskuteres. 

I det sidste kapitel diskuteres hovedpunkteme i fedtoptagelsen 
i forbindelse med forfatterens ex peri men telle resultater. 
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II. Introduction. 


The theme of the present work is a study of some of the 
physico-chemical and physiological factors, by which the hypoxic 
hyperventilation is automatically initiated and maintained. The 
first part of the work constitutes a review of those investiga- 
tions concerning liemo-rcspiratory functions in oxygen defi- 
ciency, from which the present work was derived. The purpose 
of the review is to give a running account of earlier experimental 
results and at the same time to give prominence to certain 
important correlations, which can be made between these 
results. 

In the second part of the work the problem is defined. The 
central point of the problem, the interaction of centrogenic and 
reflexogenic chemical control of breathing during oxygen defi- 
ciency, is only very incompletely known. The fundamental im- 
portance of the chemoreflexes is firmly established, but on the 
role of the chemosensitive cells of the centers themselves there 
is continuous discussion. Information is lacking on the interac- 
tion of centrogenic and chemoreflex control of breathing during 
the course of prolonged exposure to constant ambient oxygen 
deficiency. Whether the chemoreflexes are of the same im- 
portance in the initial stage of hypoxic hyperventilation as in 
the later stages has not previously been discussed. 

The third part of the work is an account of the author’s investiga- 
tions. The experimental procedure employed will be shown to 
have given the possibility of revealing fundamental principles 
concerning the mechanism of hypoxic hyperventilation, principles 
that would be missed by more direct approaches to the isolated 
centers or chemoreceptors, working by themselves. Essentially 
it consists in observing those respiratory reactions, which occur 
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as the result of a temporary blocking of peripheral chemosensory 
impulses after varying exposure to ambient oxygen deficiency, 
and in judging these respiratory reactions by the aid of simulta- 
neous, direct and continuous recordings of the oxygen saturation 
and the pH of the circulating arterial blood. 
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III. Review of Basic Investigations, from which 
the Present Work has been derived. 

In bringing together those results of previous works on hemo- 
respiratory functions in oxygen deficiency, which bear a funda- 
mental relationship to the present work, it seems appropriate 
to the requirements of logic and lucidity to seek evidence upon 
three main points. They are dealt with in separate sections. 
When taken together, they readily resolve themselves into the 
problem of the present work, which will he introduced in the 
subsequent chapter. The review is not meant to be a mere digest 
of earlier papers, but rather an attempt to correlate the present 
knowledge concerning the importance of the chemoreflexes for 
the hypoxic hyperventilation with earlier theories on the chemical 
control of respiration in oxygen deficiency. Such correlations are 
not possible without a knowledge of the characteristic changes 
in the acid-base composition of the blood under the influence of 
oxygen deficiency. This subject will therefore be considered first. 

A complete reference of the overwhelming material so far 
existent should not be demanded. The author has thought it un- 
wise to risk confusion by painstakingly accounting for such 
papers, that will not contribute essentially to elucidating the 
earlier and present standpoints within the scope of this work. 
There are also large numbers of important observations on hyp- 
oxic reactions in breathing, made during the last war in con- 
junction with the rapidly growing medical research activities, re- 
lated to aviation, the results of which are not yet available. 

1. Changes in the Acid-Base Balance of the Blood at 
Rest during prolonged Exposure to a tolerated, constant 
Degree of Oxygen Deficiency in the inspired Air. 

The now generally accepted conception of the acid-base balance 
of the blood is comparatively young. It originally developed as 
the result of the introduction into physiology of the dissociation 



10 


theory of Arrhenius. An account of its evolution is not indicated 
here, but a few points of the greatest importance for the inter- 
pretation of changes in the acid-base composition of the blood 
in oxygen deficiency will be considered in the following historical 
abstract. 

Before the main subject of the present section is dealt with, 
a short account will be given of the classification employed. 

Historical. 

The outstanding features of acidosis are the decrease of the plasma 
bicarbonates and the increase of breathing. These symptoms were 
noticed by Walter (1877) in his classic observations on animals, 
which had been given hydrochloric acid by stomach. Araki (1894) 
found considerable amounts of lactic acid in the urine from animals 
that had been partially asphyxiated with carbon monoxide. Together 
these observations constituted the basis for the earlier universal belief, 
that in oxygen deficiency, whatever its degree and duration, the oxida- 
tion of glucose should be hampered and lactic acid thereby liberated 
in the blood. 

In 1904 Galeotti found that at high altitudes the “titration alka- 
linity” of the blood is markedly decreased. This finding seemed to 
confirm the general conviction, that oxygen deficiency causes a de- 
crease of the alkalinity of the blood. Tor conditions of decreased "titra- 
tion alkalinity” of the blood were at the time simply interpreted as 
decreased alkalinity, although often there must have been decreased 
hydrogen ion concentration, i. e. increased alkalinity. The important 
fact that the degree of alkalinity in the blood is not only determined 
by its buffering capacity against acids, but also by the actually pre- 
vailing carbon dioxide pressure was not understood. 

This simple conception of decreased alkalinity in oxygen deficiency 
was later employed by Boycott & Haldane (1908), who advanced 
the theory that the increased respiratory activity under the influence 
of oxygen deficiency should be the result of lactic acid acidosis, lactic 
acid exerting its action in much the same way as carbon dioxide. As 
a secondary result an excessive blowing off of carbon dioxide should 
occur. Later on Winterstein’s first "reaction theory” (1911) actually 
demanded an implication of acidosis for an explanation of the hypoxic 
hyperventilation. The activity of the respiratory center was supposed 
to be controlled through an assumed decrease in the alkalinity of the 
blood. 

Using the modern classification the main change in the acid-base 
composition of the blood was at the time believed to be a metabolic 
acidosis (cf. below). 

In 1909 L. J. Henderson introduced the dissociation theory of 
Arrhenius into physiology. He applied the modern chemical concep- 
tion of ionic equilibrium and hydrogen ion concentration to the blood. 
He showed that in the acid-base balance of the blood the acid is chiefly 
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carbonic acid (H.COj), which is carbon dioxide in solution, while the 
alkaline factor is* chiefly bicarbonate: NnHCO, m the blood plasma, 
KIICO, in the corpdsclcs or BHCO a for both. Van Slyke (see Peters 
& Van Slyke, 1931) emphasized the importance of the bicaTbonatcs 
and developed the idea that they are the "alkaline reserve of the 
blood that protects the blood from acidity. Ho recognized, that in 
order to determine the alkaline reserve, one needed only to measure 
the amount of carbon dioxide tliat could l)c obtained from a aamplc 

This new conception was soon adopted to fit the theory of an acidotic 
change in the blood as the cause of the combination of hypocapnia and 
hypocarbia that, so often, prevails in conditions of oxygen deficiency. 

Mainly as the Tcsnlt of investigations by Haldane, Hellas & 
Kennaway (1919) and Y. Henderson k Haggard (1919—20) this 
theory of "asphyxial acidosis” was, however, shown tobe a fallacy. 
These investigators developed the now generally accepted conception, 
according to which the hypocarbia in oxygen deficiency is not a primary 
change, but the result of a compensatory mechanism. As will be clear 
from the following pages evidence points to the combination of hypo- 
capnia and hypocarbia in oxygen deficiency being the result of a 
compensated alkalosis and mainly of a non-acidotic nature. 


General Classification of Acid-Base Displacements 
in the Blood. 

It is now well recognized that the acid-base bnlnnce of the blood 
can be expressed in terms of three variables, viz. carbon dioxide pres- 
sure, bicarbonate concentration and hydrogen ion concentration. It is 
also well known that the reaction of the blood is normally to the alka- 
line side of the neutral point, showing only slight deviations under 
normal, as well ns under tolerated pathologicnl or experimental con- 
ditions. The relationships between the three variables are conveniently 
expressed in conformity with the Hf.ndkrson-Hassf.l'rai.ch equation: 

[H] = K X ygJjQQ 3 y UQ expresses the hydrogen ion concentration 

of the blood; Iv is a constant; [BHCO a ] is the bicarbonate concentration 
of the blood and [H : C0 3 ] is the amount of carbon dioxide in the form 
of carbonic acid in physical solution. From this equation one variable 
is fixed by simultaneous determinations of any two of the others. The 
physiological and clinical significance of the direction and extent in 
displacement of these variables was first pointed out by Van Slyke 
(1921), and the matter has later been thoroughly treated by Peters 
& Van Slyke (1931). 

Starting from normal conditions, deviation from the acid-base ba- 
lance may be classified into two general types: a) respiratory, duo 
primarily to carbon dioxide excess or deficit and b) metabolic, duo 
primarily to fixed alkali excess or deficit without respiratory com- 
plications. Thus four major paths of displacement in the acid-base 
balance are primarily possible, the directions of which arc towards 
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1) respiratory acidosis, 2) respiratory alkalosis, 3) metabolic alkalosis 
and 4) metabolic acidosis. 

This classification was first suggested by Peters & Van Slyke 
(1931) and was later supported by Shock & Hastings (1935). It also 
involves conditions of combinations between the four primary changes 
and conditions in which there is only insignificant deviation of the 
reaction towards acidity or alkalinity, although the carbon dioxide 
pressure and bicarbonate concentration is greatly changed, viz. com- 
pensated acidosis and alkalosis. 

As will be clear from the following review, the changes in the acid- 
base balance of the plasma in oxygen deficiency are characterized 
either by hypocapnia solely (respiratory alkalosis) or by a combination 
of hypocapnia and hypocarbia. Studies by many investigators of the 
changes in the acid-base balance of the plasma during oxygen deficiency 
have led to conflicting views as to whether this combination is due 
mainly to a metabolic acidosis or to a compensated respiratory alkalosis. 


Hypocapnia. 

It is well known that under normal conditions, excluding heavy 
work, the reactions of the human organism are directed so as to 
maintain, by alterations in the pulmonary ventilation, a constant 
partial pressure of carbon dioxide in the alveoli, and therefore 
in the arterial blood (about 40 mm Hg). This was first pointed 
out by Haldane & Priestley (1905). It is also well known that, 
if to any degree the partial oxygen pressure in the inspired air 
is diminished, the arterial carbon dioxide pressure will also de- 
crease.' The loss of carbon dioxide from the body at high alti- 
tudes was first described by Mosso (1904), who termed this 
condition “acapnia”. Although his finding was of primary im- 
portance for subsequent altitude research, his idea, that as a 
purely physical consequence of the lowered atmospheric pressure 
more carbon dioxide than usual is washed out of the blood in the 
lungs, was erroneous. Boycott & Haldane (1908) clearly de- 
monstrated that the excessive loss of carbon dioxide under di- 
minished atmospheric pressure is entirely due to oxygen defi- 
ciency. It was completely absent 'if oxygen was added to the air 
during decompression. 

It is now firmly established that the direct cause of decreased 
arterial carbon dioxide pressure (hypocapnia) in oxygen deficiency 
is the increase in pulmonary ventilation. The hypoxic hyper- 
ventilation immediately causes a decrease of the carbon dioxide 
in physical solution — or carbonic acid — in the blood by lowering 
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the alveolar carbon dioxide pressure. For complete reviews see 
Haldane (1935), Nielsen (1936), and Y. Henderson (1938). 

The general character of the decrease in alveolar and arterial 
carbon dioxide pressure under the influence of oxygen deficiency 
in the inspired air has been the object of painstaking determina- 
tions in decompression chambers and during special .altitude ex- 
peditions. Notable examples of the latter are the parties organ- 
ized by Haldane (Pike’s Peak, Colorado, 1911), Barcropt 
(Peruvian Andes, 1921—22) and Keys (International Altitude Ex- 
pedition to. Chile, 1935). The effect upon the carbon dioxide pres- 
sure in the alveoli of a rapidly induced, constant degree of oxy- 
gen deficiency in the inspired air was particularly investigated by 
Boycott & Haldane (1908), Ward (1908), Douglas, Haldane, 
Henderson & Schneider (1913), Hasselbalch & Ltndhard 
(1915), Nielsen (1936) and others. By summing up these ob- 
servations the following characteristics of hypoxic hypocapnia are 
obtained. The hypocapnic state at any given degree of tolerated 
oxygen deficiency in the inspired air at rest does not reach its 
full development immediately, but gradually attains a final 
equilibrium with an individual rapidity. The time it takes for 
the full development varies from some hours to days or even 
weeks. The onset of the lowering is, however, rapid, so that by 
far the greatest part of the lowering is accomplished within a few 
hours or less. 

Very careful observations have been made by FitzGerald 
(1914) bearing upon the relations between the barometric pres- 
sure of many altitudes and the alveolar pressures of carbon 
dioxide of their acclimatized inhabitants. Her observations cover 
the range from sea-level up to 11,000 feet, and apply to human 
individuals, accustomed to different climates, diets and other 
conditions. It is remarkable that in the diagram, which she has 
given to express the relation of alveolar carbon dioxide pressures 
to the barometric pressure, the proportion is near to simple 
linear. She found a decrease of 4.2 mm Hg of alveolar carbon 
dioxide pressure per 100 mm Hg decrease in barometric pressure. 
With the data from the Pike’s Peak expedition the . series is ex- 
tended up to 14,000 feet. From experiments with prolonged ex- 
posures to oxygen deficiency in a decompression chamber Has- 
selbalch & Lindhard found the same linear relationship be- 
tween the decrease in alveolar carbon dioxide pressure and am- 
bient barometric pressure. 
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From the above it is clear that if the bicarbonates in the plasma 
■were constant during hypoxic hyp er ventilation , the hypocapnia 
must run parallel with alkalosis, i. e. a condition of respiratory 
alkalosis should be set up and maintained, For instance, at an 
ambient oxygen pressure corresponding to 10 % of an atmosphere, 
the arterial carbon dioxide pressure will gradually be decreased 
to a value of about 20 mm Hg. If the sea-level value be 40 mm 
this decrease in carbon dioxide pressure means that the carbonic 
acid/bicarbonate ratio should be halved. Consequently the cH 
of the plasma is also halved, i. e. the pH of the plasma is in- 
creased by log 2, or approximately 0.3. It will, however, be 
seen below that the bicarbonate concentration of the plasma 
does not remain constant during prolonged exposure to oxygen 
deficiency, but slowly decreases so that the alkalosis is gradually 
compensated. 


Hypocarbia. 

It has for a long time been known that the carbon dioxide 
content of the blood, i. e. the amount in physical solution and 
chemical combination, diminishes during residence at high alti- 
tudes. The decrease of the “titration alkalinity” of the blood as 
a result of oxygen deficiency was first demonstrated by Galeotti 
(1904). It was confirmed by the data from the expedition to the 
Peruvian Andes (Barcroft et al., 1922). For complete references 
see Barcroft (1925), Haldane (1927), Liljestrand (1928), 
Haldane & Priestley (1935), Nielsen (1936) and Y. Hender- 
son (1938). 

The decrease of the bicarbonate concentration of the plasma 
(hypocarbia), and the consequent decrease in its titration alkal- 
inity, was -first thought to be a real change of the plasma reac- 
tion to increased acidity. It is now known, however, that the 
pH of the blood will return to normal during the process of 
acclimatization to oxygen deficiency (cf. next section). With the 
modern conception of the main factors in the acid-base balance 
of the blood it may therefore be inferred, that in the acclimatized 
condition there must be a definite relation of the plasma bicar- 
bonates to the barometric pressure or, more exactly, to the am- 
bient oxygen partial pressure. This follows from FitzGerald’s 
finding of the lowering of the alveolar carbon dioxide with the 
barometric pressure and from the Henderson-Hasselbalch 
equation. 
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It was however, not until comparative!}’ late that tlic modern 
conception of the nature of the hypocarluc change in the Wood 
in oxygen deficiency was arrived at. It was done independently 
by Hamoane, Keu.as & Kennaway (1!)19) and \ - Henderson 
& Haggard (1919 — 20). Haedaxe, Iaelras «k IaenaaVi a\ found 
that during the initial stages of hypoxic hyperventilation the 
excretion of acid and formation of ammonia by the kidneys arc 
greatly diminished, and the excretion of alkali is increased. They 
concluded that the hypocarhic change in the blood in oxygen 
deficiency did not consist in the production of a slight acidosis, 
but in the compensation of an alkalosis by the quite normal 
adaptive response of diminished excretion of acid and formation 
of ammonia. Y. Henderson & Haggard approached the mat- 
ter from the same point of view. They found — ns had been done 
before — that, in acute oxygen lack, respiration was increased 


with a corresponding lowering of the alveolar carbon dioxide 
pressure. But they also found that the carbon dioxide-combining 
power of the blood, which is directly dependent on t he alkali in 
use in the plasma, was unchanged. This must mean a shift, to 
alkalinity in the plasma. The same authors also made experi- 
ments on dogs, where oxygen deficiency was slowly induced 
during the course of several hours. They were able in demonstrat e, 
that the hypocapnic state in the blood is followed by hvpocnrbin, 
compensating more or less the hypocapnia. A few yeaVs earlier 
Henderson A. Haggard had shown, that by merely varying 
the ventilation of the lungs and thereby adjusting the carbon 
dioxide pressure they could induce a marked decrease, or increase 


in the alkali in use as bicarbonates in the plasma. When the lungs 
were overventilated, and tlie carbon dioxide in tbe blood was 
thus decreased, the bicarbonates also were greatly diminished. 
Henderson & Haggard pointed out that since, when a state of 
acute alkalosis is produced by forced breathing, the available 
alkali is greatly diminished in the plasma, the same thing must 
occur in the blood during the increased breathing caused by oxy- 
gen want. The alkalosis should lead to the disappearance of 
alkali from the plasma, also when there is shortage of oxygen. 
The authors assumed a migration of alkali from the plasma into 
the corpuscles, tissues and urine (see Henderson, 1938). 

Concerning the possibility of metabolic acidosis, existing as a 
minor component in the liypocarbia of oxygen deficiency at rest, 
further investigation is indicated. The implication of metabolic 
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acidosis has been pursued by Kamei (1931), Thiel (1933) and 
Hashimoto (1936). They argue that, since the alkali and pH 
of the blood are low and the lactic acid concentration high in the 
last stage of asphyxia, there must be blood acidosis. To this in- 
terpretation it may be objected, that in intense hypoxemia re- 
spiration is often depressed, carbon dioxide accumulates, and the 
H0CO3/BHCO3 ratio swings to the acid side. Hence, this acidosis 
is primarily of the respiratory type. As to the findings of increased 
lactic acid in the blood this is in perfect harmony •with the fact 
revealed by Gesell, Kreuger, Gorham & Berntiial (1930), 
that in cases where the hyperventilation from oxygen deficiency 
is artificially hampered, considerable lactacidemia will develop. 
As yet no evidence exists for an assumption, that in tolerated 
oxygen deficiency at rest with respiratory compensation intact 
a significant component of metabolic acidosis is prevailing. In- 
vestigations of the influence of rarefied air at altitudes and in 
decompression chambers (Ryffel 1909, Hartmann & v. Muralt 
1934, Edwards 1936, Nielsen 1936 and Dill, Abbot & Con- 
solario 1937) have shown no increase, but in some cases an 
actual decrease in the production of lactic acid at rest. 

The development of the hypocarbic state in the plasma during 
the influence of a constant degree of oxygen lack in the inspired 
air is definitely more slow than the decrease in carbon dioxide 
pressure. Like the arterial carbon dioxide pressure the bicar- 
bonate concentration approaches a final value, approximately 
directly proportional to the oxygen pressure in the inspired air 
(for references see Peters & Y. Slyke 1931 and Y. Henderson 
1938). The decrease is delayed so there is a definite discrepancy 
between the rates in decrease of carbon dioxide pressure and bi- 
carbonate concentration in the acute stage of oxygen deficiency. 

The Hydrogen Ion Concentration. 

From the above it may be realized, in conformity with the 
conclusions now generally accepted, that in the initial stages of 
tolerated oxygen deficiency there is a respiratory alkalosis, 
which may be very marked. The degree of alkalosis is in the main 
determined by the actual values of the nominator and denom- 
inator of the Henderson-Hasselbalch equation. The re- 
spiratory alkalosis is gradually compensated by a decrease of the 
alkali in use in the plasma. *It remains to be proved if to any 



decree n component of metabolic acidosis is also present. As yet 
no definite conclusions can be made concerning tlie rapulitj, 
lvith which the alkalosis develops and subsides at rest during a 
given degree of oxygen deficiency in the inspired air, but it seems 
that the alkalosis attains its maximum within the first hours of 
hypoxic hyperventilation. 

Direct recordings by means of modern electrometric methods 
have confirmed indirect calculation. The alkalosis of acute oxygon 
deficiency was first demonstrated electrometric-ally in the rabbit, 
by 'WlNTERSTEtK {1915}. His finding led to a revision of t he first 
"Winterstcin “reaction theory” (cf. below). Hassklraech A ' Bind- 
hard were the first to show elect romet rically (1915), that after 
prolonged exposure to oxygen deficiency there is no significant 
change in the pH of the blood. These early findings have been 
sufficiently confirmed by subsequent investigators. The swing to 
alkalinity may cover some tenths of a pH* during the first hour 
of hypoxic hyperventilation (BrassfikU), 1956). For references 
see Wittkoweh (1933) and Nielsen (1936). 

Repeated recordings of blood pH during prolonged exposure 
to a given degree of oxygen deficiency seem to have been made 
only by Nielsen (193G). He found in two subjects nt n baro- 
metric pressure of 437 mm an increased pH, gradually returning 
to normal within the course of some days. The nlkalosis was very 
slight, however, and no values were recorded within the important 
first hours of reduced oxygen pressure. 

An insignificant part of the alkaline change in the blood in 
hypoxemia is caused directly by the reduction of oxyhemoglobin, 
for fully oxygenated blood is more acid than reduced blood nt n 
given carbon dioxide pressure (Parsons, 1917), Accordingly, Ggll- 
witzer-Meier (19*12) found an alkaline change of pH 0.029 in 
a dog that was subjected to 6,4 per cent oxygen after the chemo- 
rcceptors had been denervated. The pulmonary ventilation was 
actually decreased by the influence of oxygen deficiency upon 
the chemorcceptively denervated center. 


2 . 


The Paradox of Hypoxic Hyperventilation. 


Some theories on the chemical mechanism of hypoxic, hyper- 
ventilation have necessarily already been touched upon in the 
preceding section. In the following a more continuous account will 
be given of this subject, which still is very incompletely undet- 

Z— 401230 
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stood. The extensive research activities, which have so far con- 
tributed to our knowledge of the chemical control of breathing 
in oxygen deficiency, can readily be divided into two epochs, 
when the consequences of the discovery of the peripheral ehemo- 
receptor mechanism are taken into consideration. It is probably 
safe to say that no physiologist, working on this subject, had ac- 
tually been able to demonstrate that oxygen lack, restricted solely 
to the centers, will produce increased ventilation. Yet, until the 
observations of C. Heymans and his associates on the peripheral 
chemoreflex mechanism, indirect evidence seemed to confirm the 
general conviction that the chemical control of respiration under 
oxygen lack resided solely in the respiratory center. However, in 
the light of present evidence, we now know that physiologists at 
that time worked upon an uncertain foundation, when taking 
such a monopoly of the. respiratory center as granted. So when 
Heymans in 1938 was awarded the Nobel prize in Physiology he 
was payed an official tribute for a series of works, which has 
practically commenced a new era in the conception of the chemical 
control of respiration. 

Today it may invite wonder as to how the hyperventilation 
in acute oxygen deficiency was explained at a time when nothing 
was known about the dominating role of the chemoreflexes. It is 
true that the current theories on this subject suffered in prestige 
during the temporary confusion that followed the discovery of 
the chemoreflex mechanism. However, some previous works on 
this subject, at the time applying to the respiratory center solely, 
are in fact as valid today, even if the existence of the chemore- 
flexes could not be anticipated. The theories advanced in these 
works actually applied to the entire respiratory chemosensitive 
apparatus, and will in the following review be treated accordingly. 

The Time before the Discovery of the Chemoreflex 
Mechanism. 

At the time, when the Boycott & Haldane theory (1908) of 
lactic acid acidosis as the extra stimulus to the respiratory 
activity in oxygen deficiency was advanced, few conceptions in 
the range of physiology appeared more certain than that, if to 
any degree the supply of oxygen falls short of the demand, lactic 
acid must accumulate in the blood and induce a corresponding 
degree of blood acidosis. In the light of the knowledge of the 
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respiratory response to increased blood acidity the hypoxic hy- 
perpnea therefore was no paradox. The conception of “asphyxial 
acidosis”, based upon the early work of Arab', was extended to 
apply to even moderate degrees of oxygen lack. Also in the first 
“reaction theory” of Wistersteix (1911) this conception was 
employed for an explanation of the hypoxic hyperventilation. 
The respiratory activity was meant to be controlled bj tlic reac- 
tion of the blood. 

The “fallacy of asphyxial acidosis” (Haggard & Henderson 
1919—1920, Henderson 1938), however, soon became under- 
mined by the lack of experimental evidence. From the preceding 
section it is now clear 1) that there is no increased production of 
acid involved in tolerated oxygen deficiency at rest, and 2) that 
in acute hypoxic hyperventilation there is a definite swing to 
alkalinity in the blood. 

Experimental evidence against an acidofic mechanism began 
with the discovery of Ryffkl (1909) that there is no ap- 
preciable excess of lactic acid in the blood of persons exposed 
to quite low pressures of oxygen, and the finding of 3lASSET.RAi.cn 
& Lindhard (1915), that there was no significant decrease of 
the blood pH after prolonged exposures to oxygen deficiency, in 
spite of the prevailing hyperventilation and in spite of a great 
diminution in the titration alkalinity of the blood. 

From this time on the hypoxic hyperventilation became a real 
paradox. The gradually accumulating evidence in favour of an 
alkaline shift in the blood during the hyperventilation of acute 
oxygen deficiency seemed definitely contradictory to the well known 
response of the respiratory apparatus to increased blood acidity. 

Wxnterstein, who soon also found increased alkalinity of the 
blood during hypoxic hyperventilation (1915), therefore advanced 
a second “reaction theory” (1921), according to which the re- 
spiratory activity should be controlled by the reaction within tho 
respiratory center itself. In oxygen deficiency there should bo a 
local acidosis in the respiratory center, induced by increased local 
production of lactic acid. 

Winterstein’s theory on the "eentrogenic regulation of re- 
spiration” under the influence of oxygen deficiency has been vig- 
orously supported by tlie Geseia. School. In 1923 Gesem. adopted 
this theory by stating that the activity of the respiratory center 
is fundamentally a function of its own intracellular acidity as 
opposed to the reaction of the arterial Hood, tlic specificity of 
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carbon dioxide -and tbe direct stimulating action, of lack of oxygen 
(cf. Gesell 1989). 

In its original form tbe cellular acidity theory is open to crit- 
icism.' Tbe requirement of an increase of the intracellular acidity 
within the center itself during the hyperventilation of acute and 
moderate oxygen deficiency has not met with sufficient experi- 
mental support. In fact, strong arguments against the application 
of this theory to the center present themselves in recent 
findings of Gesell himself (Gesell, Lapides & Levin, 1910), 
although this particular conclusion was not drawn. By cold- 
blocldng the sinus nerves during acute hypoxic hyperventilation 
after bilateral vagotomy in dogs, all known afferent chemosensory 
impulses to the center were cut off. Thus the basal inherent ac- 
tivity of the center itself, free from the chemoreflex drive, could 
be demonstrated. It was clearly shown that the centrogenic com- 
ponent during acute hypoxic hyperventilation is definitely less 
than during eupnea. 

From these blocking experiments it can be inferred that the 
chemosensitive cells of the center itself have no direct share in 
the hyperventilation of acute oxygen deficiency. The influence 
upon the chemosensitive cells of the center of changes in arterial 
pH and carbon dioxide pressure was, however, clearly demon- 
strated by these experiments, for it seems most probable that the 
decrease of the centrogenic component was due to the increasingly 
hypocapnic and alkaline state of the blood. 

Different kinds of direct experimental approach to the ques- 
tion of intracellular lactic acid acidosis in hypoxia with respect 
to the respiratory center itself, were made in the works of McGinty 
& Gesell (1925) and McGinty (1929) on the effects of cerebral 
anemia, cyanidemia, hypoxemia, and hemorrhage on the lactic 
acid content of the brain. In the former work the lactic acid con- 
tent was investigated at varying intervals after decapitation and 
complete circulatory isolation of the brain. The finding of in- 
creased lactic acid was interpreted as supporting the intracellular 
acidity theory. A similar conclusion was drawn from the results 
of the latter work, demonstrating increased lactic acid content 
in the venous blood from the brain, in conditions in which the 
arteries to the brain were partly or completely occluded, in which 
cyanide poisoning was induced, and in which pulmonary ventila- 
tion was depressed. It is, however, highly questionable if these 
works contribute to the validity of the intracellular acidity 
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theory, as has emphatically been maintained. To the above inter- 
pretation of the results it can legitimately be objected, that the 
conditions induced can hardly be compared to the influence of 
tolerated oxygen deficiency upon the cerebral tissue of living in- 
tact animals with respiratory and circulatory compensating 
mechanisms at high vitality. 

Moreover, direct recordings by means of the glass electrode of 
the pH of the surface and interior of the brain, including the 
center, has revealed that the brain as a whole becomes more 
alkaline than normal during acute oxygen deficiency (Gei/lhorn 
& Lambert 1939, Ingraham & Geluiorn 1939). 

There is thus less reason now to cling to the old hypothesis 
of increased intracellular acidity of the respiratory center itself 
as the cause of even part of the increased respiratory activity of 
the center in acute tolerated oxygen deficiency at rest. The 
blocking experiments attest to that. The attempts to explain the 
paradox of hypoxic hyperventilation in terms of increased acidity 
within the respiratory center itself as opposed to increased blood 
alkalinity are, today, more applicable to the peripheral chemo- 
sensitive cells. 

The required modification of the original cellular acidity 
theory seems to be foreshadowed by Gesell in one of his latest 
reviews (1911). To quote: “The cellular acidity theory demands 
that only those structures designed to correct against oxygen 

lack withstand the impact of oxygen shortage. As it has 

finally turned out, the tiny collections of chemoreceptors found 
in the carotid and aortic bodies are the regulators of breathing 
against oxygen lack. They alone stand the brunt of impaired 
oxidations and by their activity protect the body as a whole. As 
we shall show, the respiratory center actually becomes acapnic 
with anoxic hyperpnea for when Bering's nerves are blocked 
breathing stops. But this does not imply that the center is ex- 
cluded in the general scheme of the cellular acid theory of re- 
spiratory control. Like the chemoreceptors it responds to changes 
in acidity.” 

It will be shown (see below: “The r6Ie of the chemoreflex 
mechanism”) that there is now actual experimental evidence for 
an intracellular acid excitation of the chemoreceptors as opposed 
to the alkaline change in the blood during acute hypoxemia. 

The works of Haggard & Henderson in 1919—1920 on 
“Hemato-respiratory functions” largely contributed to revealing 
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the nature of the change in the acid-base balance during oxygen 
deficiency of varying durations of exposure. Y. Henderson was 
at the time one of the chief opposers of the implication of acidosis 
in oxygen deficiency. Together with Haggard he developed a 
theory of “respiratory X” as the cause of the hypoxic hyper- 
ventilation. About the nature of this mysterious agent nothing 
could be said, except that it was not a strong, fixed acid. “Re- 
spiratory X” should not merely be the result of reduced oxygen, 
but rather mainly the resultant of the ambient oxygen pressure 
and the actual alkali content of the blood. Whenever the pO »/ 
alkali ratio is below normal the amount of respiratory X should 
be increased. As a direct result overbreathing should occur, 
causing an excessive blowing off of carbon dioxide and a simul- 
taneous decrease of the carbon dioxide/bicarbonate ratio in the 
plasma. As the alkali passes out of the blood, the p0 2 /alkali as 
well as the carbon dioxide/bicarbonate ratios should gradually re- 
turn to normal. 

The theory of Haggard & Henderson is interesting because 
the characteristic features of prolonged exposure to oxygen de- 
ficiency are outstandingly integrant. It is probably safe to say, 
that no other hitherto advanced theory on the nature of the 
chemical stimulus to respiration during oxygen lack has been 
complete in the sense that the mechanism of prolonged hypoxic 
hyperventilation has been taken into special consideration. 

If we understand Henderson correctly his conception of “re- 
spiratory X” can be transferred into the very component in the 
resultant hyperventilation, for which the oxygen lack is re- 
sponsible. The remaining component may be regarded as the need 
for removal of carbon dioxide. Hence, the paradox of acute 
hypoxic hyperventilation with hypocapnia and increased blood 
alkalinity was explained by an additional component of un- 
known character. This component should be directly proportional 
to the blood alkali/p0 2 ratio. As the process of acclimatization to 
the ambient oxygen pressure advances, the alkali in the circulating 
blood decreases, and the respiratory X component will thus 
decrease in proportion to the alkali. When acclimatization is 
complete the blood alkali/p0 2 ratio and consequently the re- 
spiratory X component has subsided to its eupneic value. After 
acclimatization is established the continuous hyperventilation is 
therefore mainly controlled by the need for carbon dioxide re- 
moval, as is the breathing under normal oxygen pressure. 
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A point of fundamental importance for the reasoning was the 
fact that, metabolism is largely independent of variations in 
tolerated ambient oxygen pressures, as had been found by Doug- 
las on Tike's Peak and by HASSKLJUt.cn & LixmiAUn in de- 
compression chamber experiments. f lhe amount of carbon dioxide 
produced during rest at any tolerated altitude is therefore the 
same as during rest at sea level. It follows logically, that as the 
bicarbonate concentration of the plasma i. c. its buffering capa- 
city, is decreased after prolonged exposure to low oxygen, the 
ventilation must increase if the plasma pH shall remain constant. 
Hence an increased ventilation must be maintained by the need 
for carbon dioxide removal. 

Although the respiratory X theory has now lost a great deal 
of its former authority because of t-lie discovery of the ohemo- 
reflcx control of the hyperventilation of acute oxygen deficiency, 
the author has given a relatively complete account of it here 
for the following reason. The theory yields a very important 
conclusion, based upon a logical reasoning: the paradoxical dis- 
crepancy between the amount of respiratory activity and the 
actual state of the acid-base balance of live blood seems to de- 
crease and finally disappear, if the exposure to a given degree 
of oxygen deficiency is sufficiently prolonged. 

Henderson advanced the idea, that respiration is mainly reg- 
ulated by the carbon dioxide pressure of the blood, carbon 
dioxide acting not directly, but through its relation to the alkali 
in use in the blood. The paradox of acute hypoxic hyperventila- 
tion was explained as caused by an increased excitability of the 
respiratory apparatus to carbon dioxide. The increased excita- 
bility should be directly proportional to the actual amount of 
respiratory X (alkali in use/oxygen pressure ratio). Hence, after 
acclimatization to any tolerated altitude is accomplished, the ex- 
citability of the respiratory apparatus should be restored to nor- 
mal, for the alkali bicarbonate concentration of the plasma 
gradually reaches a value, that corresponds to the ambient oxygen 
pressure. 

A full account of the respiratory X theory is given by Y. Hen- 
derson in his book “Adventures in Respiration” (1938). 

The intracellular acidity and the “extracellular” respiratory X 
theories have met with pertinacious objection from several re- 
cent investigators, among which may be mentioned Hielsen 
(1936) and Schmidt (1941, 1945). They maintain that the chemical 
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stimulus to the center under all circumstances is carbon dioxide 
acting, not as an acid, hut through some specific property of its 
own. This opinion originates from the results of Nielsen, de- 
monstrating greater respiratory response to carbon dioxide in- 
halation than to ammonium chloride acidosis, although the blood 
reaction showed a greater shift to acidity in the second case than 
in the first. It is not the author's intention here to give a full 
critical consideration of this theory, especially as it is at present 
not quite clear, whether only the respiratory center itself or also 
the peripheral chemosensitive cells is considered. The original 
work of Nielsen, however, certainly applied to the entire aggre- 
gate of central and peripheral chemosensitive cells, although the 
role of the latter was not accounted for. To his standpoint against 
the cellular acidity theory it might preliminarily he objected, 
that in each of the above-mentioned situations the change in 
blood reaction need not give a quantitative indication of the 
intracellular reaction of the center or the chemoreceptors. The 
findings of Nielsen, therefore, give no argument against the 
intracellular theory, either the original or a modified one. Apart 
from their failure to give any arguments against the intracellular 
acidity theory, these findings are not contradictory even to a 
conception of carbon dioxide exerting its action through the 
hydrogen ions of the blood in aeidotic conditions, as Nielsen, in 
fact, infers. 

This is clearly intelligible, if one remembers that a conception 
of control through the hydrogen ions does not require that a 
certain pH shall induce a certain volume of breathing. The in- 
creased breathing in aeidotic conditions may readily be explained 
in terms of hydrogen ion control by the fact that the primary 
change in the acid-base balance of the blood during metabolic 
acidosis is a decrease of the concentration of alkali bicarbonates. 
The consequently decreased buffering capacity of the blood 
against a given production of carbon dioxide must inevitably lead 
to increased pulmonary ventilation, if the hydrogen ion con- 
centration shall remain constant, as it essentially does down to 
a very extensive reduction of the available alkali. 

Nielsen’s implication of an increased excitability of the re- 
spiratory apparatus to carbon dioxide in aeidotic conditions is, 
indeed, acceptable, but on a basis that is very definite and there- 
fore more attractive, than the. entirely hypothetic one that was 
used. Tor increased production of fixed acids reduces the amount 
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of buffering bicarbonate in the blood and tissues and thereby 
increases the excitability of the carbonic acid/bicarbonate ratio, 
and consequently that of the cH, to a given change of the car- 
bon dioxide pressure. Granting the respiratory apparatus to be 
sensitive to changes in the eH of the blood, we have here a con- 
ception of increased excitability of the respiratory apparatus to 
carbon dioxide in hypocarbic conditions on a quite logical basis. 

Concerning the paradox of hypoxic hyperventilation, it would 
seem reasonable that the effectiveness of carbon dioxide would 
be in proportion to its molecular concentration. Tin's require- 
ment is not easily fulfilled, if one considers the paradoxic hypo- 
capnic state in the blood and center. Nielsen therefore proposed 
tbe accessory theory — as did Y. Henderson — that in oxygen 
deficiency the excitability of the respiratory apparatus (“center”) 
should be increased, employing tbe original postulate of Lind- 
hard (1911). Lindhard made, however, no distinction between 
carbon dioxide and acidity as the stimulus, as did Nielsen. 
Nielsen gave no clue to how such an increased excitability to 
carbon dioxide during oxygen lack should be explained, apart 
from an implication, that it might he caused by a reflex influence 
from the peripheral chemoreceptors. Having interpreted his ex- 
periments on acidosis in the above-mentioned manner, he gen- 
eralized his idea on the specific action of carbon dioxide ob- 
tained from these experiments to apply also to the condition of 
oxygen deficiency. By referring only to the carbon dioxide pres- 
sure, the theory was meant to apply also to prolonged conditions 
of oxygen deficiency by assuming the excitability to he con- 
tinuously enhanced (cf. the respiratory X theory). 

The theory of the specific action of carbon dioxide, which in fact 
means a conception of respiratory regulation by one of the vari- 
ables in the acid-base balance of the blood, attaches only minor 
importance to an influence of the other variables, viz. the bicar- 
bonate concentration and the cH. To the author this seems to be 
inconsistent with another feature of the postulate, i. e. the one 
that the excitability of the respiratory apparatus should be in- 
creased in conditions of metabolic acidosis. Bor after prolonged 
exposure to oxygen deficiency the acid-base condition of the 
blood is much the same as in metabolic acidosis, although fun- 
damentally a compensated respiratory alkalosis. The Nielsen 
theory actually demands the implication of twofold excitability 
increase after prolonged exposure to oxygen deficiency, for the 



26 


excitability of tbe respiratory apparatus to a given, increase of 
carbon dioxide pressure is also increased as a result of the de- 
crease of the buffering capacity of the blood. Such a mechanism 
in the “chronic"'’ stage of oxygen deficiency was, however, not 
proposed. 

The Henderson and Nielsen theories of extracellular chemical 
control of the acute hypoxic hyperventilation both include a con- 
ception of increased excitability as a central integrant. To the 
author there seems to be full reason to regard the activity of the 
respiratory apparatus as the product of at least two main factors: 
1) the strength of the stimulus, and 2) the sensitivity, or excita- 
bility, of the respiratory apparatus to the stimulus. There should 
not be anything surprising in the assumption that there may be 
changes in the sensitivity of the respiratory apparatus to carbon 
dioxide or cH under certain abnormal conditions, as during gen- 
eral anaesthesia and in other conditions in which the vitality of 
the respiratory apparatus is changed. In -acute oxygen deficiency 
there are, however, at least three possibilities concerning the cause 
of the increased activity of the respiratory apparatus: 1) increased 
excitability, 2) increased excitation, and 3) a combination of 1) 
and 2). Only the first possibility was discussed by Henderson 
and Nielsen. The author knows of no actual experimental proof 
for the postulate that in acute oxygen deficiency the excitability 
of the respiratory apparatus should be increased. The arguments 
which have been given in favour of this belief are all applicable 
for a theory of increased excitation as well. In view of the pres- 
ent knowledge of chemoreflex control a conception of increased 
excitation actually seems more acceptable. It might seem that 
the question of increased excitation contra excitability is a wordy 
warfare. However, the theory of increased excitability is not quite 
acceptable as long as experimental evidence is lacking. In the 
special conditions, where the buffering capacity of the blood 
against carbon dioxide is diminished, as after prolonged exposure 
to oxygen deficiency ( compensated respiratory alkalosis) or in 
conditions of metabolic acidosis, there is a logic reason for an as- 
sumption of increased excitability of the respitatory apparatus to 
carbon dioxide. But, as has been pointed out before, this reason 
does not apply to the conception of the specificity of carbon 
dioxide. 
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The Bole of tho Chemorofloxes. 

% 

In the preceding pages an account has been given of the most 
important theories through which the apparent contradiction of 
hypocapnia (alkalosis) and hyperventilation in acute oxygen de- 
ficiency has been explained. Granted certain modifications, these 
theories can be regarded as being as valid to-day as they were at 
the time when the existence of the chemoreflexes was not known. 
After all, the receptors in the carotid and aortic bodies are a part 
of the neuro-respiratory mechanism, that was formerly denom- 
inated as the respiratory center. From the teleological point of 
view one may ask why these structures, which are so. specifically 
sensitive to hypoxemia, are situated so far from the other chcmo- 
sensitive cells of the respiratory apparatus. Perhaps tho reflex char- 
acter of the connections between these sets of chemosensitive cells 
is significant. As will be shown, certain arguments for such an as- 
sumption are obtained from the experiments of the present work. 

A number of different workers have confirmed in main the re- 
sults of J. F. and C. Heymans and C. Heymans and his co- 
workers, obtained in the years 1924 — 27 and 1930 — 32. If one 
considers that the subject of peripheral control has developed in 
less than fifteen years it is, however, not surprising that the signif- 
icance of chemoreflex activity has not yet been fully elucidated. 
Significant in this respect is the fact, that the role of the chemo- 
reflexes for even moderately prolonged hypoxic hyperventilation 
has not been inquired into and still less investigated. That there 
is full reason for such an investigation will clearly be shown. 

The dominating role of the chemoreflexes for the hyperventila- 
tion of acute oxygen deficiency is firmly established. For reviews 
see Heymans, Bouckaert & Regniers (1933), Gesele (1939, 1941), 
Schmidt & Comroe (1941), Bernthae (1944) and Schmidt (1945). 

From the fact that the chemoreflexes have been shown to bo 
entirely responsible for the increased breathing in acute oxygen 
deficiency and from the fact that hypercapnia and increased 
acidity of the blood have been shown to be powerful stimulants to 
the chemoreceptors, it is obvious that the paradoxical hypocapnia 
(alkalosis) in acute hypoxic hyperventilation is especially striking 
with respect to the increased activity of the chemoreceptors. 

Some fundamental features of the chemoreceptor activity and 
the chemoreflex drive in acute oxygen deficiency will be sum- 
marized in the following pages. 
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a) Chemoreflex Thresholds in Hypoxemia. 

The most direct evidence of chemoreceptor activity under high 
arterial oxygen saturation has been obtained by studies on action 
potentials in the sinus nerve. This method was employed by 
Euler, Lilje strand & Zotterman (1939), who found an in- 
crease of the discharge in the chemoceptive fibres as soon as the 
arterial oxygen saturation fell below 96 per cent. The response 
might have begun earlier, had not a certain degree of hypocapnia 
been induced by artificial overventilation. This most direct 
criterion of chemoreceptor activity has not been approved by 
Schmidt & Comroe (1941), who argue that the electrical activity 
may have originated elsewhere. It is, however, difficult to under- 
stand why these potentials should disappear upon hyperventila- 
tion with oxygen and increase as a response to hypoxemia and 
hypercapnia, if they were not action potentials in chemosensory 
fibres. This has recently been pointed out by Bernthal (1944), 
and Gesell (1941) has also adopted the original interpretation 
of Euler, Liljestrand & Zotterman. In view of the results 
of recent investigations performed by the same authors with 
identical technique (Euler, Liljestrand & Zotterman 1941, 
Euler & Zotterman 1942) the argument of Schmidt & Comroe 
cannot possibly survive. 

The firing frequency was also recorded under diminished oxygen 
saturation of the blood supplying the carotid body. The carbon 
dioxide pressure was thereby continuously kept below its exciting 
threshold, e. g. 30 mm Hg., by means of constant artificial over- 
ventilation. The relation between the increase of potential fre- 
quency to oxygen unsaturation was found to be near to linear 
down to 52 per cent. Of course, this finding does not mean that 
a linear increase of the impulse frequency in the sinus nerves will 
bring about a linear increase of the activity of the center under 
all circumstances, or even that any given firing activity will be 
responsible for part of the respiratory activity. It is very probable 
(cf. below) that the response of the center to afferent impulses is 
greatly influenced by changes in the acid-base balance in the 
blood. Chemoreceptor disconnection affords another possibility of 
judging whether chemoreceptor activity is prevailing under 
eupneic activities of the respiratory center. Selladurai & Wright 
(1932) and Euler & Liljestrand (1936, 1940) have observed 
that denervation causes a decrease in ventilation in animals un- 
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der normal experimental conditions. The latter authors were able 
to show a marked increase of resting alveolar carbon dioxide 
pressure, even if the animals, dogs and cats, v ere breathing oxv - 
gen. The experiments prove that, under anaesthesia, a continuous 
discharge of impulses is sent out by the chcmorcceptors, causing 
an increase of the respiratory activity. 

Certain conclusions as to the existence of chemoreceptor ac- 
tivity under eupncic hypoxemia may also be drawn from experi- 
ments with inhalation of air enriched in oxygen content. Euler 
& Liljestrand (1942) have found, that oxygen substituted for 
air in anaesthetized cats or dogs causes an almost inst antaneous, 
sometimes very considerable, reduction of respiratory rate and 
amplitude. This effect was abolished by denervation of both 
sinuses and w r as thus due to the disappearance of a slight oxygen 
want which stimulated the chemoreceptors of the carotid body. 
After some minutes of oxygen breathing the ventilation again 
closely approximated to the value from air breathing. This com- 
pensation was partly explained by an increased carbon dioxide 
pressure in the arterial blood. Similar results were obtained by 
Watt, Dumke A. Comroe (1942 — 43) upon normal unnuacsthctized 
dogs. Oxygen inhalation, which removed all hypoxemic stimula- 
tion of chemoreceptors, led to a decrease of the ventilation, vary- 
ing from 11 to 31 per cent, and the authors concluded as did 
Euler & Liljestrand that this must be the result of tthe with- 
drawal of a chemoreflex drive, elicited by the usual degree of 
oxygen unsaturation of the arterial blood at sea-level. 

Erom the above it can be inferred tliat the chemoreceptor 
threshold for diminished oxygen pressure must be placed at some 
level higher than that of eupncic arterial blood. 

&) The Nature of the Chemical Stimulus to the Chemoreceptors in 
Hypoxemia. 

A tonic activity of the chemoreflex mechanism, responsible for 
an appreciable part of tbe activity of tbe respiratory center at 
eupncic levels of arterial oxygen pressure is thus firmly established 
■with respect to animals. 

It is now pertinent to question if the chemoreceptor activity 
in eupnea and in acute hypoxic hyperpnea is set up by different 
or by the same chemical disturbances in tbe chemoreceptors. In 
acute hypoxic hyperpnea those physiological stimuli, which ire 
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known to stimulate the chemoreceptors, viz. carbon dioxide and 
hydrogen ions, are decreased and mainly the stimulating effect 
of oxygen deficiency remains. However, evidence points to a 
combination of hypoxemic and hypercapnic stimulation of the 
carotid bodies in eupnea (Samaan & Stella 1935, Euler & 
Liljestrand 1936, Bernthal 1938, Euler, Liljestrand & 
Zotterman 1939 and Winder 1942). 

Indirect as well as direct evidence has permitted the assump- 
tion, that the exciting factor to the chemoreceptors is a change 
of the hydrogen ion concentration to increased acidity within the 
chemoreceptive cells themselves (Euler, Liljestrand & Zot- 
terman 1939). Especially when considering the resemblance in 
effect of intracellular hypoxia and hypercapnia — increased 
acidity being the common denominator — and bearing in mind 
that close injections of acid solutions have been shown to initiate 
strong firing from the chemoreceptors (Zotterman 1935), the 
introduction of changes in the hydrogen ion concentration in the 
receptive cells as the immediate controlling factor of excitation 
seems to afford a most convenient hypothesis. It has been di- 
rectly tested by close injections of small amounts of ammonium 
hydroxide (1 ml of a solution of half normality). The result was 
a complete extinction of those impulses in the sinus nerve which 
were caused by hypoxemia or hypercapnia. The action of am- 
monium hydroxide was not poisonous, since the impulses soon 
reappeared, usually somewhat augmented. 

The conception of intracellular hydrogen ion concentration as 
the immediate controlling factor of chemoreceptor excitation has 
not been accepted by Comroe & Schmidt (1938), who pointed 
out that hypoxemic blood may cause strong reflex hyperven- 
tilation although hypocapnic and alkaline, and that hypercapnic 
blood may be less active in arousing reflexes although more acid. 
They think it evident that lack of oxygen is the direct stimulus, 
and independent of acidity changes. Two important objections 
can, however, be raised against their interpretation of these well 
known facts. Eirst, that no conclusions can be made concerning 
the relative chemoreceptor activity in hypoxemia and hyper- 
capnia by judging from respiratory reactions. It has clearly been 
shown (cf. below) that in hypercapnic conditions the impulses 
from the chemoreceptors are effectively blocked by chemical 
modifications at the center, so that the chemoreflex drive is 
insignificant. But this is not meant to imply that the cliemo- 
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receptor activity is also decreased. Therefore, chcmoreflex drive 
is not the same as cliemoreceptor activity. Another objection 
is that the employed facts do not constitute any proof against the 
intracellular acidity theory. The possibility of a changing rela- 
tionship between intracellular and blood acidity seems to have 
been overlooked. Such a changing relationship between intra- 
cellular and extracellular hydrogen ion concentration'wns orig- 
inally demonstrated by Jacobs (1920). He found that alkaline 
E>C0j-— NaHCO, solutions may be able to cause a shift to 
acidity within the cells of certain lower organisms and flowers. 
His finding is best known in its application to the second reac- 
tion theory of Winterstein (1921), which it seemed to support. 
Other experiments have been done, showing the tendency of un- 
dissociated carbon dioxide or carbonic acid from extracellular 
bicarbonate buffer mixtures to turn cells more acid, at least tem- 
porarily. However, the application of these findings is, as has 
been pointed out before, no longer necessary for the center itself 
in acute hypoxemia, but instead to the paradox of blood alkalinity 
and intracellular acid excitation of the chemoreccptors. 

c) The Response oj (he Chemoreceplivehj Dcncrvated Center to 

Oxygen Lack. 

The ability of the chemosensitive cells of the respiratory cen- 
ter itself to respond with increased activity to oxygen lack has 
been investigated by different methods. Experiments, in which 
the central effect of hypoxemia was tested after the anacsthcsized 
animal had been cliemoreceptively denervated and after it had 
been breathing room air, were made by Heymans, Bouckaert & 
Bautrebande (1930) on dogs, by Sell Anu rax & Wright (1932) 
on cats, by Beyne, Gautrelet & Halpern (1933) on cats, by 
Euler & Liljestrand (1936) on dogs and cats, by Gesell & 
Moyer (1937) on dogs and by Moyer & Beecher (1942) on 
dogs. Inhibition of respiration was reported throughout. How- 
ever, Moyer & Beecher working with only slightly anaesthetized 
animals found that after a latency period of some minutes a sec- 
ondary stimulation would occur. The question is, however, 
whether the effect should be termed stimulation by oxygen lack 
or by accumulating carbon dioxide or acid metabolites. Significant 
in this respect was their finding of simultaneous signs of genera- 
lized motor stimulation. 
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The influence of narcotics upon the responsiveness of the cen- 
ter to oxygen lack has been investigated by using the technique 
of decerebration. In no case was stimulation observed (Sella- 
durai & Weight 1932, Bouckaert, Heymans & Samaan 1938 
and Bouckaebt, Grimson & Heymans 1939). The effect of oxy- 
gen deficiency after chemoreceptive denervation has also been 
tested in the unanaesthetized state after recovery from the opera- 
tion (Decharneux 1934, Henderson & Greenberg 1934, 
Gemmill, Geiling & Beeves 1934, Marshall & Bosenfeld 
1936, Jongbloed 1936, Smyth 1937, Bouckaert, Heymans & 
Samaan 1938 and Watt, Dumke & Comroe 1942 — 43). Jong- 
bloed, Smyth and Marshall & Bosenfeld found only inhibi- 
tion of respiration. Gemmill, Geiling & Beeves found a re- 
sponse, but had not severed the aortic nerves. Henderson & 
Greenberg, Bouckaert, Heymans & Samaan and Watt, Dumke 
& Comroe found only a late increase of the respiratory activity 
after a latency period of several minutes. As has been pointed 
out this delayed “stimulation” may be explained by gradual ac- 
cumulation of carbon dioxide or acid metabolites as a consequence 
of the preceding insufficiency of breathing. 

Experiments, in which the respiratory response was studied 
after cold-blocking of the chemoreceptive impulses during acute 
hypoxic hyperventilation (Gesell, Lapides & Levin 1940) have 
already been mentioned. They showed that in the anaesthetized 
condition withdrawal of the chemoreflex drive during hypoxic 
hyperventilation may cause immediate apnea. Ho “paralysis” of 
the center ensued, for it responded almost immediately on de- 
blocking with a greater activity than before the block was applied, 
most probably due to rebuilding of the central stimulus (carbon 
dioxide or acidity) during the apneic period. 

Decharneux (1934) and Dautrebande (1938) claim to have 
found perfect acclimatization to hypoxemia in unanaesthetized 
dogs, deprived in advance of the aortic and carotid chemorecep- 
tors. This finding certainly points to a minor importance of the 
chemoreflex drive in prolonged oxygen deficiency, a point of 
special importance for the problem of the present work. There 
is, however, the possibility of two sources of error here, which 
must not be overlooked. The first one is regeneration of chemo- 
sensory fibres during the long interval between the denervation 
and the testing in the experiments of Decharneux (a full ac- 
count of Dautrebande’s experiments has not been available). 
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similar intracellular change within the chemoreceptors in hyper- 
capnia, one may ask how the activity of the chemoreceptors in 
hypercapnia cooperates with that of the chemosensitive cells of 
the center, which are known to be very sensitive to hypercapnia. 
Blocking experiments (Gesell, Lapides & Levin, 1940, cf. 
page 20) have shown that the centrogenic component in hyper- 
capnia is- the most important, and that the chemoreflex drive is 
actually decreased in strong hypercapnic hyperpnea. . From this 
finding it may he realized that the activity of the chemoreceptors 
is without major influence upon the activity of the chemosensitive 
cells of the center in hypercapnic conditions. In experimental 
conditions, when the carotid bodies are separately perfused with 
hypercapnic solutions, the activity of the center is, however, also 
greatly increased, in spite of the hypocapnic and alkaline change 
in the blood supplying the center (Heymans & Bodckaert 
1939). Gesell, Lapides & Levin (1940), concluded that the 
impulses along the afferent pathways in general hypercapnia are 
blocked by the hypercapnic state itself. Alternatively it may be 
inferred that when hypercapnia is induced solely at the chemo- 
receptors, the response of the center to the resulting firing in the 
sinus nerves is actually potentiated by the hypocapnic and 
alkaline change at the center. From a teleological point of view 
such an intermediary mechanism would explain why the chemo- 
sensitive cells so specifically reactive to hypoxemia should be 
connected to the remaining chemosensory cells of the respiratory 
apparatus by way of a reflex. For by adopting the assumption of 
chemical modification along the afferent pathway as an important 
factor in the chemoreflex drive of hypoxic hyperventilation, one 
has here a counter-balance to the restriction of the chemoreceptor 
activity which must necessarily follow as a result of the hypo- 
capnic and alkaline change in the blood supplying the chemo- 
receptors. 

In conclusion it may be said that available evidence seems to 
point to a general sensitivity of central and peripheral chemo- 
sensory cells to changes in the carbon dioxide pressure and hydro- 
gen ion concentration of the arterial blood. The paradoxic alka- 
line and hypocapnic change in the blood in acute hypoxic hyper- 
ventilation is due to a specific sensitivity of the peripheral chemo- 
receptors to hypoxemia, causing an increased firing activity in 
the afferent chemosensory fibres. This increased firing leads to 
an increased activity of the respiratory center, which acts as a 
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relay. Its own, self-engendered activity (the centrogenic drive) 
decreases in acute oxygen deficiency, possibly due to the devel- 
opment of respiratory alkalosis. If respiratory compensation be 
intact, there is less reason now to postulate intracellular acidity 
in the center itself during acute hypoxic hyperventilation. How- 
ever, evidence points to an acid change within the chemoreceptors 
as opposed to the hypocapnic and alkaline change in the blood. 
It is possible that the alkaline change influences to an important 
degree the outcome of chemoreceptor activity. 

3. Some Particular Features of the Hyperventilation 
after Prolonged Exposure to Oxygen Deficiency. 

The hyperventilation after prolonged exposure to oxygen de- 
ficiency seems to differ from that of acute hypoxia in some im- 
portant respects. As has already been pointed out the alkaline 
change in the blood gradually swings back to a normal reaction, 
thereby causing the paradox of alkalosis and hyperventilation to 
disappear. This compensation is mainly brought about by a sec- 
ondary decrease of the plasma biearbonates. Although nothing 
is known about the chemoreflex activity after prolonged exposure 
to oxygen deficiency, some important findings as to the nature 
of the hyperventilation attach special interest to the role of the 
chemoreflexes. These findings will be reviewed below. 

The Fixed Hyperventilation. 

Contrary to its effect upon the acute hypoxic hyperventilation 
increased oxygen supply does not immediately decrease ventila- 
tion to its eupneic value when administered after prolonged ex- 
posure to oxygen deficiency. This was first observed by Boycott 
& Hardaxe (1908) in a series of experiments in a decompression 
chamber. They found that the alveolar carbon dioxide pressure, 
which had been lowered during a 24 hours’ exposure to reduced 
barometric pressure, did not return at once to normal, but re- 
mained low for about two days. Ogier Ward (1908), who worked 
m conjunction with them, found the same thing, though in a 
much more marked and persistent degree, on returning to sea- 
level pressure after a stay on Monte Rosa. These early findings 
have recently been confirmed by Becker-Freyseng, Loeschke, 
Left & Oi-xtz (1942). 
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At present no generally accepted explanation to this “fixed 
hyperventilation” is available. Peters & Van Slyke state (1931) 
that the hypoxic hyperventilation, “although initiated by the 
fall in atmospheric pressure, appears to reach its full develop- 
ment chiefly as a result of plasma bicarbonate dimin ution, "which 
gradually reaches an extent that would occasion similar hyper- 
ventilation at sea-level”. Such reasoning implies only an indirect 
importance of the oxygen lack for the hyperventilation after pro- 
longed exposure, and not an immediate effect of want of oxygen 
as in the acute stage of hypoxtic hyperventilation. This hyper- 
ventilation should accordingly be maintained essentially by the 
need for carbon dioxide removal, and should therefore be largely 
independent of sudden increase in the ambient oxygen pressure. 
The Y. Henderson theory on “respiration X” as the factor deter- 
mining the hyperventilation in acute oxygen deficiency yields a 
similar explanation. Becker-Freyseng, Loeschke, Lett & 
Opitz, however, reject this reasoning, pointing out that a similar 
relative independence of increased oxygen pressure may prevail 
in subjects with no considerable decrease in their plasma bicar- 
bonates. 

It would be pertinent to question the role of the chemoreflexes 
in this insensitivity of the respiratory apparatus to increased 
oxygen. Remembering that the influence of acute oxygen defi- 
ciency upon the respiratory apparatus is entirely due to increased 
chemoreflex drive, one may suspect an adaptation of the chemo- 
receptors or the entire reflex mechanism after prolonged exposure 
to the hypoxic stimulus. 

The Effect of Additional Oxygen Deficiency. ^ 

It is well known since the investigations of Lutz & Schneider 
(1919), that in human subjects the hyperventilation of acute 
hypoxia rarely surmounts the twofold eupneic value. This finding 
was confirmed by Benzinger (1937) and by Becker-Freyseng, 
Left, Loeschke & Opitz (1939, 1912). After prolonged exposure 
to moderate oxygen deficiency (at an altitude of 8,700 — 10,650 
feet) it has, however, been observed that exposure to additional 
oxygen lack may increase the ventilation to about sevenfold its 
eupneic amount (Benzinger, Kaminski & Opitz, 1940, Opitz 
1940, Becker-Freyseng, Loeschke, Luft & Opitz 1942). 

The mechanism of this increase in the excitability of the re- 
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IV. The Problem. 

The preceding review essentially constitutes an attempt to 
correlate present knowledge concerning the importance of the 
chemoreflex mechanism for the acute stage of hypoxic hyper- 
ventilation with earlier findings concerning the actual displace- 
ments in the acid-base balance of the blood. As a consequence of 
this correlation the problem of the present work has arisen, viz. 
the interaction of centrogenic and chemoreflex control of breath- 
ing in different stages of prolonged exposure to oxygen defi- 
ciency. A short recapitulation will reveal the motives for such an 
inquiry, apart from the fact that ignorance of the role of the 
chemoreflex mechanism during prolonged exposure to oxygen 
deficiency constitutes a reason per se. 

1) During the course of prolonged exposure to a rapidly in- 
duced, constant and tolerated degree of oxygen deficiency in the 
inspired air at rest, a rapid, sometimes very marked, shift to 
increased blood alkalinity sets in. This shift is due to excessive 
blowing off of carbon dioxide, caused by the need for oxygen. 
The respiratory alkalosis is then gradually compensated by a 
decrease in the alkali in use as bicarbonates, so that the hydrogen 
ion concentration of the blood again attains a near to normal 
value. The time for full compensation varies individually from 
some days to some weeks. Considerable compensation should be 
accomplished within some hours. A schematic representation of 
the acid-base displacements in the blood during prolonged oxygen 
deficiency at rest is given in fig. 1. 

2) Earlier theories on the chemical mechanism of hypoxic hy- 
perventilation temporarily suffered in prestige as a result of the 
confusion, which followed the discovery of the chemoreflex 
mechanism. Granted certain modifications some of these theories 
can, however, be regarded as being as current today as they were 
before the discovery of the chemoreflexes. They all originated as 
attempts to explain the paradox of hyperventilation with hypo- 
capnia and alkalosis in acute oxygen deficiency. Recent studies 
of the interaction of chemoreflex and centrogenic components in 
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acute hypoxic hyperventilation have r**v.<nb-d «*»«*»• miMbp'wted 
relationships which M-mu to clarify muw important <\>'\ aiD of 
the mechanism of acute hypoxic hyperventilation, Temporary 
cold-blocking of nl! afferent rhemorcflinx connection 1 ' with the 
center during acute hypoxic hyperventilation has clearly demon- 
strafed that, the inherent, Inoai activity of th“ center i*> ncttiuliy 
lo.^ than in cupnea. ami may he rero in maxima! hypoxic hyper- 
ventilation. The hyperventilation is entirely dm* to the themo- 
reflex drive. There finding* have been confirmed hy tome of the 
experiment-1 of the present work. It has been assumed, that the 
decrease of the pelf-engendered activity of the vhcmoMOi-dtivo 
cells in the center itself in acute oxygon deficiency is due to the 
development of blood hypocapnia and alkalosis. However, ex- 
perimontttl evidence, is Inciting on this point. Direct, experimental 
approach to this question by means of continuous recordings 
of the arterial pH should reveal, whether the center actually 
reacts parallel to the change in the arterial pOO. or cH during 
the development, of respiratory alkalosis. Such recordings arc 
included in the experimental procedure of the present, work, 
Tlie alkaline shift may amount to some tenths of a pH. One 
may ask what happens, when the hydrogen ion concentration of 
the blood moves down and up again during prolonged exposure 
to oxygen deficiency. Considering the well known response of the 
respiratory apparatus to increased arterial cH, the return to- 
wards neutral reaction, covering some tenths of n pli, would cause 
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a tremendous hyperventilation if the chemoreflex drive should 
remain as effective as in the stage of maximum alkalosis. 

3) The hyperventilation in the acclimatized stage of oxygen 
deficiency has been stated to be of about the magnitude one 
would expect if a similar degree of hypocarbia were induced at 
sea-level. It has been shown that inhalation of oxygen at sea- 
level partial pressure after prolonged exposure to oxygen defi- 
ciency does not immediately restore pulmonary ventilation to its 
eupneic value, but only very gradually during a long period of 
new acclimatization to sea-level oxygen pressure. On the other 
hand is has been shown, that after prolonged exposure to oxygen 
deficiency, the respiratory response to additional oxygen lack is 
greatly enhanced, so that the hyperventilation is then several 
times greater than will ever occur from optimal oxygen deficiency, 
when acutely induced. These findings most conspicuously imply 
a change in the mechanism of hypoxic hyperventilation during 
the course of prolonged oxygen deficiency. On the one hand the 
respiratory activity is automatically speeded up, to a certain 
degree independent of increased oxygen supply (fixed hyperven- 
tilation); on the other its response to additional oxygen deficiency 
is greatly enhanced. 

Therefore, since the chemoreflex mechanism seems to be the 
only intermediary in the stimulating influence of acute oxygen 
deficiency upon the respiratory activity, it is obvious that in- 
formation on the chemoreflex drive after prolonged exposure to 
oxygen deficiency should be worth special interest. 


It may be said, that as far as acute hypoxemia is concerned, 
chemoreflex activity can be regarded as the most important 
single item in the body’s defense. It is not unlikely, that many 
persons are alive today, because this activity was retained in 
conditions of a rapidly lowered oxygen pressure in the ambient 
atmosphere (aviators, mineworkers), in diseases with acutely im- 
paired oxygen diffusion from the lungs into the blood (cases of 
pulmonary edema, pneumonia), in situations -with an acutely 
reduced volume of oxygen that could be furnished to the tissues 
by the blood (cases of hemorrhage), and in the operating room, 
when narcotic drugs were given in large dosage. The role of the 
chemoreflexes in the hyperventilation only some hours after the 
onset of oxygen deficiency is, however, quite unknown. Considering 
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to investigate, whether n change no rim- in the hnlimre of the 
controgcnic and rhemorefiex components in tlm re^pirntorv 
control during ft prolonged exposure in a constant nn-1 tolerated 
decree of oxygon deficiency in the inspired nir. 
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V. Experimental Section. 

1. Method. 

The observations were made exclusively on dogs, anaesthetized 
with chloralose. (See below “Technique”). 27 dogs were used. 
The method of study mainly consisted in recording the relative 
effects upon the volume of breathing, the arterial pH and the 
arterial oxygen saturation of a temporary cold-blocking of the 
chemosensory impulses in the sinus nerves after short and pro- 
longed exposures to a constant and tolerated degree of oxygen 
deficiency in the inspired air. An essential integrant of the ex- 
perimental procedure was the arrangement for direct, simul- 
taneous and continuous recordings of respiratory reactions and the 
pH and oxygen saturation of the circulating arterial blood (see 
below “Technique”). 

In the discussion accounts will also be given of some auxiliary 
experiments of the present work, the results of which have 
contributed to the interpretation of the main results. 

In the blocking experiments the vagus nerves were sectioned 
to prevent permanently those signals arising in the aortic presso- 
and chemoreceptors from reaching the respiratory centers. The 
blocking of the sinus nerves therefore eliminated all known 
remaining, afferent chemoceptive impulses. 

Experiments with sinus nerves temporarily blocked during 
oxygen deficiency have recently been made by Gesell, Lafides 
& Levin (1940). These experiments applied to the acute stage 
of hypoxia only, and did not involve measurements or recordings 
of arterial pH and oxygen saturation. 

Blocking the impulses in the sinus nerves (vagi cut) can theo- 
retically have the following effects upon breathing: 1) withdrawal 
of inhibition from the carotid pressoreceptors 2) withdrawal of 
carotid chemoreflex drive, and 3) a combination of 1) and 2). 
It is therefore necessary to eliminate permanently the pressor 
impulses in the sinus nerves, before the amount of chemoreflex 
drive can be judged from the respiratory reactions, which occur 
during and after the blocking. Otherwise, should the inhibitory 



43 


action of the pressoreceptors be greater than the excitatory action 
of the chemoreceptors, an increased volume of breathing would 
be expected to occur during sinus nerve block (fig. 7 A). In the 
experiments of Gesell et al. the signals from the pressoreceptors 
were permanently eliminated by collapsing the sinuses. The 
sinuses were relieved of their normal distension by tying ligatures 
1) around the common carotids just below the sinuses, 2) around 
the internal carotids just distal to the sinuses, and 3) around 
the external carotids as close to the sinuses as possible and 
caudal to the origins of the occipital arteries (after Gollwitzer- 
Meier, 1934). The common carotids were then punctured periph- 
eral to ligatures 1). From the findings of Winder (1933) and 
Winder, Bernthal & Weeks (1938) it was assumed that the 
remaining anastomoses would act to preserve a uniform flow of 
blood through the carotid bodies in spite of the occlusion of the 
common carotids. The author agrees that the blood flowynay be 
near to normal if the systemic arterial pressure is high, as it 
tends to be after the elimination of all afferent pressosensory 
impulses. But in the case of lowered arterial pressure with stagna- 
tion of the blood flow in the anastomoses, the possibility of respira- 
tory effects from chemoreceptor excitation as a result of local 
accumulation of acid metabolites is obvious (Euler & Lilje- 
strand 1937, Euler, Liljestrand & Zotterman 1939, Euler 
& Liljestrand 1940, Bjurstedt & Hesser 1942, and Bjur- 
stedt & Euler 1942). 

The author has therefore preferred to keep the blood supply 
to the carotid bodies intact. The carotid pressor impulses were 
eliminated by carefully sectioning with a fine pair of scissors 
the pressosensory fibers originating in the sinuses on their way 
to join the fibers from the carotid body (see below “Technique”). 
After the vagus nerves had been sectioned the respiratory center 
was thus free from all known influence of peripheral presso- 
receptor excitation, and the cold-blocking of the sinus nerves 
thus eliminated all remaining chemoreflex drive selectively. 

It has been shown recently by Bernhard & Granit (1946), 
that local cooling of mammalian nerves may temporarily set 
up impulses from the cooled part of the nerve. The possibility 
of an actual excitation of the sinus nerve during cooling has 
therefore been taken into special consideration in the present 
work. It is obvious that, even if a part of the sinus nerve be so 
rapidly cooled that there is no reason to expect respiratory effects 
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from a transient spontaneous discharge at that part of the nerve, 
there may theoretically be some adjacent part of the nerve central 
to the place of cold-blocking, that is only slowly cooled. If it 
be so, one would actually expect effects from excitation of both 
pressosensory and chemosensory fibers central to the cooled 
part of the nerve. The outcome of such excitation has, however, 
been none or insignificant in the present experimental procedure. 
It has been observed that cold-blocking the sinus nerves with the 
pressosensory fibres intact and the vagi cut always produced a great 
rise in the arterial pressure (fig. 7 A). One would expect a lowering, 
if the pressosensory fibres were excited to a significant degree. 
Regarding the possibility of excitatory effects from the chemo- 
sensory fibers it was observed that, after disconnection of the 
vagi and carotid pressoreceptors, blocking of the sinus nerves 
produced either a decrease in breathing or no respiratory reaction 
at all. One would expect increased breathing during the block if 
significant effects from excitation of chemosensory fibers occurred. 

It is therefore concluded that the blocking procedure employed 
in the present work actually yielded clean-cut effects from a 
functional disconnection of all remaining chemoreflex drive. 


2. Technique. 

Preparatory Procedure. 

As has already been mentioned dogs were used throughout as ex- 
perimental animals. The weight varied from 10 to 30 kg. The animals 
were anaesthetized with chloralose intravenously in doses of about 
10 ml per kg of a 1 per cent solution. In some cases it was found neces- 
sary to add some ml of a 20 per cent solution of urethane in order to 
stop excessive shivering. Since the duration of the experiments was 
usually between 6 and 10 hours further doses of chloralose had to 
be given at intervals of some hours in order to keep the anaesthesia 
at a uniform depth. The anaesthesia was always slight and controlled 
so that reflex motor reactions were just suppressed. 

The carotid regions were exposed without reflecting the larynx. 
By blunt dissection these regions were carefully freed from other 
nervous connections than the sinus nerves. All severed nerves were 
carefully ligated in order to prevent spontaneous discharge, which 
would otherwise affect the respiratory activity reflexly when the tissue 
was necessarily stretched during manipulations in this region. Small 
open vessels were scrupulously ligated in order to avoid hemorrhage, 
which would otherwise be considerable on account of the use of large 
doses of heparin. The vagi were cut between ligatures. The next step 
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Fig. 2. 

a. Medial aspect of bifurcation of right common carotid. 

b. Bifurcation region after severing of pressosensory fibres. 

c. Cold-blocking device. 

was the severing of the pressosensory fibers from the sinus regions 
(fig. 2). This was done with a fine pair of scissors. The sinus regions 
were first denuded so that the pressosensory fibers could directly be 
seen as fine whitish bundles. Then the fibers were carefully sectioned 
bundle by bundle on their way to the carotid body. Extreme care 
was taken not to injure the carotid bodies. None the less this was some- 
times done and the animal was then of no value for the purpose, if 
it did not show any respiratory response to oxygen lack. It was gradually 
found that even if the pressosensory fibers had not completely been 
disconnected, the remaining fibers soon ceased their tonic influence 
spontaneously, apparently because they had been injured. The gradual 
disconnection was followed during the denervation procedure by ob- 
serving the gradual increase of arterial blood pressure. The completeness 
of the denervation was proved by the disappearance of the pressor 
effect, that normally results from cooling the sinus nerves and from 
occlusion of the common carotids. When the pressosensory fibers 
had been severed the sinus nerves were freed from superfluous tissue. 
A cord of tissue the thickness of a match was, however, left sur- 
rounding the nerve in order to avoid injury. It was essential thkt 
no fibers originating in the carotid body could escape from this 
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cord of tissue, passing along the carotid vessels to other central con- 
nections. Therefore, the walls of the carotid vessels were carefully 
denuded. 


Cold-blocking Technique. 

The chemosensory impulses in the sinus nerves were effectively 
blocked by cooling the cords of tissue containing the sinus nerves 
by special devices (fig. 2 c). Rapidly circulating alcohol of 0 to — 1° 
C was used for the blocking. Deblocking was caused by shifting to 
alcohol of 35 — 38° C. Between blockings the devices were usually 
removed. Temperature changes between 31° C and — 1° C required 
some seconds. The moment of blocking and deblocking was signalled 
when the temperature reached 0° G and 20° C respectively. Incidentally 
it was found that the nerves were permanently damaged if a blocking 
temperature of less than — 3° G was used. The blocking devices were 
applied about a half to one centimetre central to the carotid body. 


Recording and Measuring Apparatus. 

For the present purpose a special measuring and recording system 
was constructed. It consisted of an optical system including a camera 
and of devices for direct, continuous and simultaneous recordings on 
photographic paper of 1) volume of breathing, 2) arterial pH, 3) ar- 
terial oxygen saturation, and 4) arterial blood pressure. The electrical 
recordings of 1), 2) and 3) represent new designs. A schematic re- 
presentation of the recording arrangements is given in fig. 3. 


a) Volume of Breathing. 

Two different methods were alternatively used for the recording 
of the volume of breathing (fig. 4). One method consisted in having the 
dog breathe in a Krogh’s respirometer with soda-lime for the absorb- 
tion of carbon dioxide. The oxygen content in the lungs of the dog and 
the respirometer was kept constant by supplying the closed system 
with just the quantity of oxygen required to prevent the indicator 
of the respirometer to sink from breath to breath (oxygen added as 
used). The oxygen content was repeatedly controlled by gas analysis. 
The movements of the respirometer roof were transmitted to a U-bent 
glass capillary on which was mounted a thin platinum filament. The 
legs of the capillary with the platinum filament dipped into two glass- 
tubes filled with mercury. When the capillary moved up and down 
with the roof of the respirometer the electrical resistance between 
the mercury portions changed linearly. The resistance changes were 
directly recorded by means of a Wheatstone bridge arrangement and 
a torsion band oscillograph. Thus the volume of breathing could in 
a simple electrical way be quantitatively recorded on photographic 
paper. It was observed that a part of the hot platinum filament easily 
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Fig. 3. General schema of experimental 
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became covered by a thin layer of mercury oxide, causing instability 
in the contact between the mercury and the platinum. This part of 
the filament was found to correspond to its excursions in relation to 
the mercury surface. It was also found, however, tbat a layer of un- 
diluted sulphuric acid covering the surface of mcrctiT} dissol\ ed^ the 
coating of the filament most efficiently, so that the contact remained 

self-cleansing. . 

The other method of recording the volume of breathing was a simpli- 
fication of a method previously described by Kramer & Gaukii 
(1911). A gas meter was connected to the expiratory side of the res- 
piratory valve. A light wheel was fastened to the axle of the meter, 
and on the periphery of the wheel there was a constnnton filament, 
bent as an S. At opposite sides of the wheel silver plate con- 
tacts were applied. When the wheel moved with each expiration the 
electrical resistance between the contacts changed linearly, and the 
volume of breathing could thus be electrically recorded in the same 
manner as above, although only the expiratory strokes were recorded 
(stair curve). 

b) Arterial pH. 

Earlier reports on direct and continuous recordings of the pH of the 
circulating blood arc few. It seems that no investigations have been 
published, which involve such recordings for more than short periods. 
The main difficulty is to ensure constancy of the electronic transmission 
of the hydrogen ion concentration potentials, i. e. to prevent a spon- 
taneous drift of the zero point of the amplifier between the measuring 
and reference electrodes and the oscillograph. After laborious experi- 
ments the following method was finally adopted. Two AEG electro- 
meter tetrodes T114 were used in a bridge connection. Tbej' were spe- 
cially selected to be as identical as possible. The AEG T114 electrometer 
tetrode has a very small grid-current (10~ 14 amps.), and is therefore 
most suitable for measuring of cH potentials. The cathode filaments 
were connected in parallel and heated from the same source of supply 
as delivered the anode and space charge-grid currents. The negative 
control grid bias was of the automatic cathode type for both tubes, 
and a resistor in series with the cathode filaments acted ns common 
cathode resistor. Thus all the electrodes of the tetrodes could be 
supplied from one single voltage fall (A— B), provided by an A. C. 
power supply, including a two-section filter with a choke input. Further 
voltage stabilization was effected by a gaseous regulator tube, Philips 
13201. In case Of extreme fluctuations in the line voltage of the town, 
the A— B voltage was provided by a storage battery of 16 volts in- 
stead. The current consumption of the pH-meter was O.ios amperes. 
By careful adjustment of the space charge-grid voltage of one of the 
electrometer tetrodes tho drift of the zero point of the pH-meter 
could be reduced to some millivolt during the usual continuous use 
of at least 6 hours. See wiring diagram, fig. 5. 

The glass electrode assembly was built according to fig. 5 This 
design was found to be handy and stable. The inlet and outiet’tubes 

4— 401230 
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Fig, 5. Schematic representation of A. C.-powcrcd device for measuring and recording 
continuously the pH of the circulating arterial blood. 
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were connected to the chamber so that the blood stream automatically 
prevented sedimentation of blood corpuscles. In order to prevent 
clotting, the inside of the glass electrode chamber was coated with 
a thin layer of wax, dissolved in ether. Coagulation was further 
prevented by 1 ml of a 5 per cent solution of heparin per 10 Jig body 
weight intravenously. The glass electrode chamber was inserted into 
the left femoral artery. 

The changes in the pH of the arterial blood was recorded by means 
of a Multiflex galvanometer, type MG 3, which was connected between 
the anodes of the electrometer tetrodes. A deflection of 12 mm on the 
photographic paper corresponded to a pH change of 0.1. ThepH-meter 
was calibrated by switching the glass and reference electrodes to a 
commercial pH-meter (Radiometer, Copenhagen), on which momentary 
pH values could be read on a dial. The temperature of the blood in 
the glass electrode chamber was allowed for. For this purpose a small 
thermometer was fitted into the glass electrode chamber. 




tfig. 6. Oximeter unit nna glass holder with artery. 



c) Arterial Oxygen Saturation. 

For measuring and continuously recording the oxygen saturation 
of the arterial blood the photo-electric oximeter was used. The principles 
of the oximeter have been described by Kramer (1935). The form 
designed for the present purpose is shown in fig. 6. It consists of a 
small U-frame, made of aluminium, bearing on one leg a 4-volt mini- 
ature lamp bulb and carrying on its other leg a small Bakelite box 
containing a barrier-layer red-sensitive photo-cell (Lange, type SK). 
The U-frame slips over a glass holder for the artery, the glass holder 
being clamped between the legs of the frame by a screw arrangement. 
The glass holder was designed so as to prevent light to pass by the 
artery. The supply to the lamp was provided by a high capacity storage 
battery (60 ampere-hours). The lamp was switched on in situ some 
hour before use to ensure constant light source and constant tempera- 
ture of the photo-cell. Usually the left femoral artery was used. The 
photo-cell was directly connected to a Multiflex galvanometer, type 
MG 3. The sensitivity of the oximeter could be varied by altering the 
current supply to the lamp. The oximeter was calibrated by means 
of van Slyke analyses of blood samples, which were obtained from a 
branch of the femoral artery. Cooling of the oximeter, as done in Kra- 
mer’s version, was found to be unnecessary, since the present design 
ensured sufficient constancy of the temperature of the lamp and photo- 
cell by the cooling action of the circulating blood and the ambient air. 

d) Arterial Blood Pressure. 

The arterial pressure was recorded by means of an ordinary optical 
rubber membrane manometer. The manometer was connected to the 
right femoral or to the left brachial artery. 


3. Introductory Remarks. 

Before the main results are described and discussed (p. 60) 
some preliminary questions have to be considered. Some of these 
questions do not refer directly to the main subject of the present 
work, but had to be considered in order to ensure uniformity of 
the experimental conditions. Other preliminary questions to be 
examined have certain bearings upon the interpretation of the 
main results. 


Influence of the Anaesthetics. 

The depressing action of chloralose and urethane upon the 
center is well known (see. the basic work of Marshall & Rosen- 
feld -.1936, for review see Berxthal 1944). Schmidt (1940) 
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states that chloralose contributes to the unbalance between centro- 
genic and chemoreflex drives not only by the relative increase of 
the chemoreflex drive resulting from a depression of the central 
response to carbon dioxide, but furthermore by actually exaggerat" 
ing the chemoreflex response to hypoxemia. In profoundly an- 
esthetized animals the maintainance of respiration should mainly, 
if not entirely, be effected by the chemoreflex drive, elicited by 
the snormafo hypoxemia, and inhalation of oxygen would accord- 
ingly cause apnea and eventually respiratory failure (Marshall 
& Rosenfeld, 1936 , Benzinger, Opitz & Schoedel, 1939 ). 
The cause of this insufficiency is obscure, for even if pure oxygen 
is inhaled, and a decrease of the respiratory activity is thus in- 
duced, a point of arterial oxygen nnsaturation will soon be 
reached, where excitation of the chemoreceptors again occurs. 
Certainly the continuing respiratory insufficiency can not be 
explained by assuming a decrease of chemoreceptor excitation. 
As the result of increased oxygen supply some factor must ap- 
parently have been added to the mechanism, by which the outcome 
of chemoreceptor excitation is diminished. We will return to this 
subject in conjunction with the discussion of the results of the 
present work. Anyhow, the disturbing influence of general 
anaesthesia upon the balance of components in the respiratory 
control is an established fact. 

It is obvious that a change in the balance between centrogenic 
and chemoreflex components may occur as the results of a mere 
change in the depth of -the anaesthesia, other things remaining 
constant. IP or instance, the depression of the centre should be 
decreased as the result of a 1 decrease in the depth of the anaesthesia, 
such as will occur spontaneously during the course of sufficiently 
prolonged experiment. 

This undisputed fact has important hearings upon the pres- 
ent work. It is not likely, however, that a change in the balance 
between centrogenic and chemoreflex components will occur as 
a mere result of a spontaneously changing depth of anaesthesia, 
if the observations be made within the course of an hour or two, 
and the anaesthetics used be choralose and urethane. Sueh a 
spontaneous change in the balance between the centrogenic and 
chemoreflex drives was never observed during such short periods, 
if the animal was not breathing gas mixtures with a changing 
oxygen or carbon dioxide content. But if the observations be 
extended to later stages in the anaesthesia the possibility of a 
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spontaneous change in the balance of centrogenic and chemo- 
reflex drives must be taken into consideration. 

Hence, in those experiments of the present work where the in- 
fluence of a constant degree of prolonged (4 — 8 hours) ambient 
oxygen deficiency was to be observed, it was essential that the 
depth of the anaesthesia was not allowed to decrease during the 
period of observation. As has been mentioned, this was done by 
adding more chloralose at intervals of one hour or more and in 
amounts, that were just effective in suppressing reflex motor 
reactions. Usually such a procedure would ensure a steady ven- 
tilation, be it eupneic or increased by oxygen deficiency. In some 
instances it was found that a spontaneous increase in the respira- 
tory activity would be the first signal of a decreasing depth of 
the anaesthesia. It is not unlikely that this increase was the re- 
sult of excitation of non-specific sensory nerves in injured regions. 
In these instances the respiratory response to varying depth of 
anaesthesia would be considerable. Such animals, or, rather, such 
preparations, were accordingly not suitable for prolonged observa- 
tions, even if the unavoidable variable of a changing depth of 
anaesthesia could be reduced. For prolonged observations, there- 
fore, only such animals were selected, which showed a steady 
ventilation, relatively insensitive to the degree of anaesthesia 
induced. 

The question of the influence of the anaesthetics upon the 
absolute amounts of centrogenic and chemoreflex components 
under varying conditions is, of course, of minor importance in 
the present work, since the discussion essentially refers to the 
changes in the mutual relationship. 


The. Arterial Oxygen Saturation. 

It was observed that in prolonged experiments abundant bleed- 
ing would gradually cause a dilution of the blood, that reduced 
the accuracy of the oximeter readings. For that reason hemorrhage 
had to be prevented by painstaking ligation of bleeding vessels 
in injured regions of the animal. This was especially necessary 
since the animals were given heparin in large dosage. For the same 
reason abundant administration of fluid intravenously was also 
avoided. A total administration of some hundred ml of an iso- 
tonic solution of glucose during the course of a prolonged experi- 
ment did not, however, cause any distorsion of the oximeter 
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readings from dilution of the blood, Hence, the oximeter usually 
needed calibration only once during an experiment. 

The Arterial Blood Pressure. 

Several interesting effects upon the arterial blood pressure were 
observed as the result of the blocking experiments. Usually, the 
onset of the blocking caused an immediate decrease of the arterial 
pressure. During the period of blocking the arterial pressure would 
again gradually rise a little. On deblocking, the arterial pressure 
returned to its former level, if this had not already happened. 
The initial decrease in the arterial pressure obviously results 
from the disconnection of a tonic drive from the chemoreceptors in 
the maintainance of the arterial pressure (cf. above »Method»). 
The effects upon the arterial pressure obtained in the experiments 
of the present work will be described and discussed in a subse- 
quent paper. At present only such effects are described that are 
of importance for the interpretation of the respiratory reactions. 


The CJbemoreflex and Centrogenio Drives in Eupneic 
Breathing under General Anaesthesia. 

As has been mentioned above (p. 28) evidence points to the 
chemoreceptors acting as pace-makers for the respiratory appara- 
tus even during eupneic breathing. In the present work the results 
of the blocking experiments clearly confirm earlier findings on 
this point. Even in cases of high arterial oxygen saturation the 
blocking of the impulses originating in the carotid bodies caused 
an immediate decrease of 'the respiratory activity (fig. 9 A). 
As the results of this decrease in the volume of breathing the ar- 
terial oxygen saturation decreased and the cH of the blood in- 
creased somewhat. After the deblocking the volume of breathing 
immediately increased again, usually to a magnitude slightly 
greater than before the period of blocking. This increase above 
the eupneic amount was obviously due to the effect upon the 
chemoreceptors and centre of the increased arterial cH or pC0 2 , 
since the volume of breathing gradually returned to the former 
eupneic magnitude parallel with the arterial cH. Hence, the pace- 
making influence of the chemoreflexes in the maintenance of the 
arterial oxygen saturation is obvious. 
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Tolerated Degree of Ambient Oxygen Deficiency under 

Anaesthesia. 

For the present purpose it was necessary to determine the degree 
of ambient oxygen deficiency, that would — under slight chloralose 
anaesthesia — bring about a distinct increase in the pulmonary 
ventilation and at the same time be tolerated, so that respira- 
tory depression would not gradually develop. It was found that 
a gas mixture of about 8 per cent oxygen in nitrogen usually 
produced an increase of the ventilation in dogs, that were chemo- 
xeceptively intact, to about the twofold eupneic amount, and that 
this degree of ambient oxygen deficiency was usually tolerated 
for periods as long as 10 hours, which was the longest exposure 
needed for the present purpose. In some animals, which had been 
deprived of their vagal pressosensory and chemosensory connec- 
tions and of their carotid pressosensory connections, the tolerance 
was found to be diminished. This fact may have been due to the 
vagotomy and/or to the damage eventually done to the carotid 
chemoreceptors during the sectioning of the carotid pressosensory 
fibres. Lower oxygen percentages than 10 in the inspired air were 
often not tolerated for sufficiently long periods by these dogs. 
A quite sufficient degree of hyperventilation was, however, usually 
produced by 10 — 12 per cent oxygen in these cases. 

The effect of bilateral vagotomy during breathing of room air 
is shown in fig. 7 B. It is obvious that the sudden shock causes a 
temporary, rather considerable, respiratory alkalosis, and that the 
arterial oxygen saturation, after a temporary lowering, returns 
to its former eupneic level. The vagal connections seem to have 
no significant role for the maintainance of the eupneic arterial 
oxygen saturation. From the above it is, however, probable that 
their importance is increased during exposure to low oxygen. 


Tho pH of the Arterial Blood before, during and after 
Hypoxic Hyperventilation. 

The maximum alkalotic deviation in the arterial pH, resulting 
from a rapidly induced, constant and tolerated degree of oxygen 
deficiency in the inspired air was found to be closely dependent 
on the degree of oxygen deficiency. In dogs with their presso- 
receptive and cliemoreceptive connections intact on oxygen con- 
tent in the inspired oxygen — nitrogen mixture of 8 — 10 per cent 
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usually caused a maximum deviation of pH + 0.1 to +0.25. 
Dogs with, sectioned vagi and carotid pressosensory fibres usually 
developed an alkalotic deviation amounting to about a tenth of 
a pH unit on breathing oxygen at about 11 per cent, this de- 
creased deviation of course depending upon the minor increase 
in the respiratory activity. (It was mentioned above that the 
tolerance for decreased oxygen in the inspired air was less in the 
partially denervated dogs than in the intact ones.) 

The rapidity with which the maximum respiratory alkalosis 
developed, when constant ambient oxygen deficiency was rapidly 
induced, varied from animal to animal, but seemed to be rather 
independent of the degree of oxygen deficiency and of the ready- 
ness with which the animals responded to oxygen deficiency. 
Usually the maximum deviation was reached within a quarter of 
an hour to one hour. 

If the exposure to a constant- degree of oxygen deficiency in the 
inspired air was suddenly discontinued during the development 
of the alkalotic change or at a point when the alkaline change was 
at its maximum, the arterial pH would fairly rapidly return to 
its prehypoxic level. The return was usually complete within 5 
to 15 minutes. If the exposure was instead prolonged the maximum 
deviation would remain constant for a period of time that varied 
individually, but seemed to be rather independent of the ability 
of the animal to respond to oxygen deficiency with hyperventila- 
tion. The maximum respiratory alkalosis, however, was usually 
retained for several hours, before compensation slowly developed. 
A full spontaneous return of the arterial pH to its prehypoxic 
value during continuous exposure to a constant degree of oxygen 
deficiency in the inspired air was always, sooner or later, observed. 
The following can be said on the nature of this compensation. 
If the hyperventilation was retained until the arterial pH became 
spontaneously normal again, the alkalosis must have been com- 
pensated by a decrease in the buffering capacity of the arterial 
blood. It is true that in most cases of the present work, there was 
hyperventilation when the prehypoxic arterial pH was again 
gradually attained. But it is also a common experience that in 
prolonged experiments on animals under general anaesthesia the 
pulmonary ventilation is likely to decrease in the last stages, when 
the condition of the animal becomes poor. In such cases the factor 
“respiratory acidosis” partially determines the actual acid-base 
condition in the arterial blood. It is clear, therefore, that in late 
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deficiency in the inspired air is given in fig. 8. In this diagram 
four points are indicated by the Utters A, B, C and D. These points 
mark the main moments, at which the effects of blocking the chemo- 
reflex drive ( and other respiratory reactions) have been studied in 
the present ivork ( see below “Results and discussion ”). 



Fig. 8. Important levels of arterial pH dnring the coarse of a prolonged ex- 
posure to constant ambient oxygen deficiency, -at -which the interaction of 
centrogenic and chcmorcflex components' has been studied in the present wort: 
enpnea — point A, developing respiratory alkalosis — point B, maximum 
alkalosis — point C and the point of nearly complete compensation — D. 
a) = acute, li) = prolonged exposure. (From a dog, that -was 
subjected to 8,2 ‘i O, in N,.) 

4. Results and Discussion. 

Acute Oxygen Deficiency: Interaction of Centrogenic and 
Chemoreflex Components in Hypoxic Hyperventilation during 
the Stage of Developing Respiratory Alkalosis. 

The Center. 

It is conceivable that in those conditions where the respiratory 
activity is partly maintained by chemoreceptor excitation the 
chemical control of breathing divides np in two components, viz. 
the centrogenic and the reflexogenic chemical drives. If at any 
moment the impulses in the peripheral chemosensory fibers be 
completely blocked the volume of breathing must immediately 
decrease and the new volume of breathing is controlled only by 
the self-engendered activity of the chemosensitive cells of the 
center. This centrogenic chemical control of breathing will last 
till the chemorellex chemical control is re-established by a de- 
blocking of the peripheral chemosensory impulses. 

The importance of the chemoreflexes for the acute hypoxic 
hyperventilation is well established. On the role of the centre 
during acute hypoxic hyperpnea opinions, however, still differ 
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«reatly. Mainly as a consequence of tlie missing response of the 
chemorcceptively denerv.ated centre to hypoxemia (p. 31) an 
idea lias developed that hypoxemia produces a condition of 
decreased vitality, “paralysis”, of the vegetative functions of 
the centre, even when the chemoreflexes are intact. Another con- 
ception, derived from the second reaction theory of Winterstein 
(p. 19), maintains that the center has a share in the hypoxic liyper- 
pnea, and that this share is evoked by increased intracellular 
acidity from local anaerobic production of lactic acid. 

The blocking experiments of the present v'ork appear to have 
revealed the role of the centre for the acute hypoxic hyperventila- 
tion. It was found that even under cupneic breathing the blocking 
of the peripheral chemosensory impulses caused a sudden de- 
crease in the volume of breathing. Fig. 9 A points to the impor- 
tance of the chemoreflexes for the maintainance of the normal 
oxygen saturation under general anaesthesia at sea-level (cf. p. 
28). When the ambient oxygen pressure was reduced and hyper- 
ventilation was thus set' up, blocking of the chemoreflexes re- 
vealed that the centrogenic support was now definitely less than 
during eupnea (fig. 9 B). If the chemoreflexes were blocked during 
acute hypoxic hyperventilation at a stage when the alkaline 
change in the blood had become maximal, the volume of breathing 
always immediately and suddenly decreased, sometimes to apnea. 
This must mean that the centre has no share in the acute hypoxic 
hyperventilation, for otherwise there would have been super- 
normal centrogenic breathing from the moment wdien the block 
took effect. 

The question now arises, why the centrogenic breathing is less 
m acute hypoxic hyperventilation than in eupnea. An answer to 
this question is given by the following observations. First it was 
found that the effect of oxygen deficiency after the centre had 
been chemoreceptively denervated is fundamentally different from 
the effect of sudden denervation (by blocking the chemoreflexes) 
during acute hypoxic hyperventilation. It is well known that in 
the first case the volume of breathing only gradually decreases, 
conceivably due to the devitalizing effect of hypoxemia upon the 
centre. Temporary “denervation” during acute hypoxic hyper- 
ventilation, however, always decreased the volume of breathing 
suddenly. Remembering now that this new volume of breathing, 
“centrogenic breathing”, was always less than the centrogenic 
breathing in eupnea (see above), one may inquire if this decrease 
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Fig. 9. The figures show the decrease of the ccntrogceic support from its cupncic amount during 
the development of the respiratory alkalosis, 09 revealed by withdrawal of the rcflcxogenic compo- 
nent. The moments of blocking the chcmoccptor signals essentially correspond to points A, B and 

C in fig. 8. 

A. Room air. Note importance of the chcmoreflex drive for the maintenance of the cupncic arterial 

Oj saturation under anaesthesia as revealed liy its withdrawal (>Block>). 

B. After 5 minutes breathing of 8.2 S 0, in N.. Note that the secondary increase of the centrogenic 

support dniing the blocking runs parallel to the arterial cIT. 

C. After 20 minutes breathing of 8.2 fi 0 3 in N-. Note that the secondary increase of the ccntro- 
gcnic support daring the blocking was hero insufficient in raising the nrlciinl 0 2 sntnration, bccatf ? 
the center became “paralyzed" by hypoxemia before the increasing arterial ell coold stimolate the 
center again. Therefore the center censed to respond to increasing arlcrinl oil ns well as to chcmo- 
rcflex influence, when the latter was re-established by deblocking. The animal was later resus- 
citated by artificial ventilation. 
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of the ccntrogenic support to the vent ilation in oxygen deficiency 
is also due to a devitalizing effect of the hypoxemic state upon 
the center, as is the case when the effect of oxygen deficiency is 
tested after the chemoreflexes have been permanently discon- 
nected. Evidence, however, points against such an interpretation 
of the decreased ccntrogenic support in acute hypoxic hyper- 
ventilation. The negative arguments nre: 1) If the blocking of the 
chemoreflexes during acute hypoxic hyperventilation was suffi- 
ciently prolonged the respiratory activity would again increase 
somewhat before it completely subsided, even if sudden npnea 
was caused by the blocking (figs 9 B and C). There would not have 
been such a secondary increase of the ccntrogenic breathing during 
the period of blocking if the chemosensory cells of the centre had 
become paralyzed by the preceding hypoxemia. This paralysis 
should instead have increased ns a result of the rapidly increasing 
oxygen unsaturation when the breathing decreased, and should 
have terminated in death without a secondary increase in the 
respiratory activity. 2) The continuous recording of the pH of 
the circulating arterial blood revealed the center’s capability to 
respond to the increase of the arterial ell, that occurred during 
the respiratory insufficiency under sinus nerve block (fig. 9 B). 
In eases of apnea during prolonged sinus nerve block the apnea 
was usually broken as the arterial cH increased. Big. 9 C shows 
that the secondary increase of the ccntrogenic breathing may be 
insufficient to keep the arterial oxygen saturation higli enough to 
retain the response of the center to increasing arterial cH. The 
center was here devitalized by the increasing hypoxemia during 
the blocking, not by the degree of hypoxemia before the blocking. 
3) The blocking effect was closely related to the degree of arterial 
alkalosis, produced by the hypoxic hyperventilation. It was ob- 
served that the blocking effect was greater, the greater the alka- 
losis. The centrogenic support was not only less in acute hypoxic 
hyperventilation than in eupnea, but became even smaller as 
arterial alkalosis became more severe. This effect was first ob- 
tained by inducing ambient oxygen deficiency of varying degrees. 
It was found that the ccntrogenic support became less, when the 
ambient oxygen deficiency increased and thus the hyperventila- 
tion and the arterial alkalosis increased. To this interpretation it 
might perhaps be objected that the increased hypoxemia per se 
might have been a contributing factor towards decreased centro- 
genic support. However, evidence against this objection was 
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obtained as follows. If the decrease of the centrogenic support 
during acute hypoxic hyperventilation is due to the devitalizing 
effect of hypoxemia and not to the respiratory alkalosis, there 
should always be the same or a smaller centrogenic breathing 
after a period of acute hypoxic hyperventilation than in the initial 
stage when the hypoxemia had exerted its influence during a 
shorter period of time. Kg. 10 shows, however, that the effect 
of blocking is less after the longer period of constant degree of 
arterial oxygen unsaturation if at the same time the arterial cH 
is higher. This finding is in complete harmony with the author’s 
opinion that the decrease of the centrogenic support during hyp- 
oxic hyperventilation is due to the respiratory alkalosis. Devita- 
lization of the centres by the hypoxemia per se is not excluded 
as a contributing cause, but is conceivably of very little impor- 
tance. It was also found that even after prolonged blockings, 
producing a severe degree of arterial oxygen unsaturation, the 
volume of breathing immediately increased again on deblocking, 
and that this re-establishment of the chemoreflex drive would 
usually set up a volume of breathing, that was greater than 
before the blocking (fig. 9 B). This argues against decreased vitality 
of the centres. The minor importance of the hypoxemia per se for 
the decrease of the centrogenic drive in acute hypoxic hyper- 
ventilation is shown by fig. 11. In this case the inhaled oxygen 
percentage was suddenly changed from 8. 2 to 20 at the moment 
when the block was applied, so that the arterial oxygen saturation 
was high when the block took effect. In spite of the high arterial 
oxygen saturation the center remained apneic. 

It was mentioned above that the experiments of the present 
work showed that the centrogenic support is not only less in the 
alkalotic stage of acute hypoxic hyperventilation than in eupnea, 
but that a more severe blood alkalosis from increased ambient 
oxygen deficiency decreases the centrogenic support still more. 
One may now inquire, whether the gradually developing res- 
piratory alkalosis during a constant degree of reduced ambient 
oxygen pressure causes a gradual decrease of the centrogenic 
drive, although there is continuous hyperventilation. In other 
words: does the centrogenic drive decrease during the increasing 
respiratory alkalosis, that develops when the organism is sub- 
jected to a constant degree of oxygen deficiency in the inspired 
air? It has been pointed out above that in the acute stage of 
hypoxic hyperventilation the resulting blood alkalosis only gradu- 
ally reaches its maximum. 
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Repeated short blockings of the chemoreflexes during the in- 
crease of the respiratory alkalosis in acute hypoxic hyperventilation 
(at points B and C, fig. 8) clearly demonstrated that the centro- 
genic support decreases in close relationship to the increasing 
alkalosis in the arterial blood. Whereas the centrogenic breathing 
was less than in eupnea during the initial stage of hypoxic 
hyperventilation, before the respiratory alkalosis had reached its 
maximum, the same degree of ambient oxygen deficiency would 
cause centrogenic apnea when the alkalotic change had become 
more pronounced (figs 9 A, B and C). 

Summing up the above the following can be said of the role 
of the respiratory center during the acute stage of the hyper- 
ventilation, that results from a constant degree of oxygen de- 
ficiency in the inspired air. At the moment when the hyperven- 
tilation just begins the centrogenic drive is about the same as in 
eupnea. During the development of respiratory alkalosis the 
centrogenic support gradually diminishes in a close relationship 
to the increase of the respiratory alkalosis. At the maximum of 
respiratory alkalosis the centrogenic drive may be zero if the 
ambient oxygen deficiency is of such degree that the actual degree 
of alkalosis is severe enough. Hence, the chemosensitive cells of the 
centres have no share in the increase of the respiratory activity. 
Evidence has been presented, that the continuous decrease in the 
self-engendered activity of the chemosensitive cells of the centres 
in acute hypoxic hyperventilatior is due to the increasing respira- 
tory alkalosis, that is caused by centrogenic drive itself plus the 
chemoreflex drive, i. e. the resultant hyperventilation. This 
evidence has been obtained by a correlation between the simul- 
taneous changes in the volume of breathing, the arterial oxygen 
saturation and the arterial pH during and after the blocking of 
the afferent chemosensory impulses in acute hypoxic hyperventila- 
tion. The evidence presented here refutes those earlier theories 
which maintain that, in tolerated oxygen deficiency u'ith the 
chemoreflex mechanism intact, the center becomes more acid 
from local accumulation of lactic acid or that the vegetative 
functions of the centres are significantly inhibited by the hypox- 
emia per se. It is obvious, that as far as the self-engendered 
activity of the chemosensitive cells of the center is concerned, 
this activity stands in no paradoxical relationship to the alkaline 
change in the arterial blood during acute hypoxic hyperventilation. 
Por the center itself contributes less to the acute hypoxic hyper- 
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ventilation than to eupneic breathing, and tills is simply because 
its own chemosensitive cells are not stimulated by the actual 
arterial pC0 2 or cH as much in acute hypoxic hyperventilation 
as in eupneic breathing. The results described in fact support the 
inference that in acute hypoxic hyperventilation the centre turns 
alkaline as docs the arterial blood. 

Thus as far as the center is concerned, the first "reaction 
theory” of Winterstein (cf. p. 19), according to which the ac- 
tivity of the center should be controlled by the reaction of the 
blood even in acute hypoxic hyperventilation, has gained a certain 
experimental support by direct experimental approach. The re- 
vival of the theory can, however, only be partial. Two main de- 
fects in the theory remain, for acute oxygen deficiency docs not 
induce blood acidosis, and the acute hypoxic hyperventilation is 
not controlled by the chemosensitive cells of the center itself. 

On the other hand, the second “reaction theory” of 'Winter- 
stein (cf. p. 19) — or the cellular acidity theory of Geseee — 
according to which the center should turn acid in acute, tolerated 
oxygen deficiency, ns opposed to the alkaline change in the arterial 
blood, has not been supported by the present experiments. From 
the latter it may be assumed that the center becomes more 
alkaline than it is during eupnea, 

b) The Chemoreceptors and the Outcome of Chcmoreceptor Activity; 

the Chemoreflcx Drive. 

It is evident from the above, that, during the acute stage of the 
hypoxic hyperventilation, resulting from a constant degree of 
oxygen deficiency, the centrogenic support decreases in close 
relationship to the increasing respiratory alkalosis of the arterial 
blood. Hence, it is obvious that as far as the centre is concerned, 
the hypoxic hyperventilation tends to counteract itself during the 
stage of increasing alkalosis. 

The foregoing.results concerning the respiratory center thus gives 
no explanation of the paradox of acute hypoxic hyperventilation. 
The explanation must be elsewhere. In the following it will be 
shown, that the paradox is entirely restricted to the share of the 
cliemoreflex drive. 

As can be anticipated from the preceding experiments, the 
chemoreflex drive must not only increase in order that hyperven- 
litation be set up, but increase in sucb degree as to afford com- 
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pensation also for the gradual decrease of the centrogenie support. 
This was demonstrated by repeated blockings during the develop- 
ment of the respiratory alkalosis. The blockings cut off an increas- 
ing part of the hyperventilation as the alkalosis developed (figs. 
9 and 12). 

It was furthermore found (figs. 11, 12 and 13) that although 
the arterial oxygen saturation relatively rapidly fell to its lowest 
level (the ambient oxygen deficiency remaining constant) the 
volume of breathing continued increasing for a certain period of 
time after this level was attained, in spite of the fact that the 
arterial cH was also continuously decreasing. The arterial oxygen 
saturation would even rise somewhat again, sometimes quite 
considerably (fig. 12). How, from the present knowledge of the 
physiologically active factors, that stimulate the chemoreceptors 
and the center, one would not expect that a constant or actually 
decreased degree of arterial unsaturation would run parallel 
with a continuing increase of the respiratory activity, if at the 
same time the arterial cH decreases. The obscure increase in the 
respiratory activity must refer to the chemoreflex drive, since it 
has been shown that the centrogenie component decreases with the 
arterial cH. The question arises, whether this continuing increase 
of the chemoreflex drive is due to increased chemoreceptor stimu- 
lation or to increased outcome of stimulation. Theoretically, a 
constant firing activity of the chemoreceptors may, of course, have 
different influence upon the activity of the center under different 
circumstances, be the change caused by chemical modifications 
at the center or by other mechanisms. 

Preliminarily it is obvious, that if increased stimulation of the 
chemoreceptors was the cause of the continuing increase of the 
chemoreflex drive, it can conceivably not have been due to the 
stimulus of arterial pC0 2 or cH, since increasing alkalosis prevailed. 
However, the hypoxemic stimulus to the chemoreceptors may in 
certain cases have increased, although the arterial oxygen satura- 
tion remained constant or even increased somewhat. Constant 
arterial oxygen unsaturation plus increasing alkalosis causes a 
decrease in the arterial oxygen pressure (calculating the pCb 
from the determined pH and oxygen saturation and a standard 
dissociation curve), and increased stimulation of the chemorecep- 
tors by decreased arterial oxygen pressure is, therefore, theoretic- 
ally possible. That a decreasing arterial oxygen pressure can not 
be" entirely responsible for the paradoxical increase of the chemo- 
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reflex drive during increasing alkalosis is, however, obvious from 
the fact that the relationship between the arterial oxygen satura- 
tion and the actual alkalosis often did not allow the assumption 
of a decreased arterial oxygen pressure. This was especially striking 
in those cases, where the arterial oxygen saturation again rose 
considerably after first having attained a lower level. Thus fig. 12 
shows 1) that the arterial oxygen saturation may again rise 
considerably during the course of acute hypoxic hyperventilation, 
2) that the chemoreflex drive may increase significantly in spite 
of the decreased arterial cH and in spite of the secondary increase 
of the arterial oxygen saturation and 3) that decreased arterial 
oxygen 'pressure can not have been the cause of the increase of the 
chemoreflex drive. For the decrease in the arterial cH can not 
have caused the arterial pressure to be lower in fig. 12 C than in 
fig. 12 B. 

The question whether chemical modification at the center or 
along the chemoreflex nervous pathways may actually exaggerate 
the outcome of the chemoreceptor activity is of special interest. 
Such an intermediary mechanism was surmised by Gesell, 
Lapides & Levin (1940). They found that if the chemoreflexes 
were cold-blocked during hypercapnic hyperpnea the chemoreflex 
drive proved to be insignificant and actually less than in eupnea. 
It was therefore cursorily proposed that hypocapnia, such as 
occurs in acute hypoxic hyperventilation, might lead to a progres- 
sively increasing potentiation of the outcome of the chemoreflex 
signals, thereby assuring an increasing dominance of the chemo- 
xeflex drive. No direct evidence was, however, presented. 

From the above-mentioned result of the present work, that 
the chemoreflex drive increases as the respiratory alkalosis in- 
creases, although the chemoreceptor excitation can hardly be 
assumed to increase, it seems highly probable, that the increase 
of the chemoreflex drive is in some way connected with the in- 
creasing alkalosis. The assumption was directly tested by observing 
the magnitude of the hypoxic hyperventilation, when the tendency 
to increasing alkalosis was suppressed by the addition of carbon 
dioxide to the inspired air (fig. 13). The dog first breathed a mix- 
ture of 8.2 per cent oxygen in ni.trogen, thereby developing a 
considerable hyperventilation with respiratory alkalosis (fig. 13 B). 
Then the oxygen content was diminished, and carbon dioxide 
added to the inspired air. By such an arrangement It was intended 
to decrease the alkalosis and to keep the arterial oxygen saturation 
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low enough to avoid contamination with the effect of decreasing 
alkalosis upon the arterial oxygen pressure. Fig. 13 C and D shows 
that the volume of breathing now distinctly decreased as the 
arterial cH increased. The arterial oxygen saturation thereby 
decreased to a level considerably below that attained in the case 
of hypoxic hyperventilation with unhampered alkalosis. In spite 
of the increase of the hypoxemic stimulus to the chemoreceptors 
that 'conceivably must have occurred, and in spite of the probable 
stimulation of the center and chemoreceptors by the increase in 
the arterial cH, the volume of breathing was less than in the case 
of unhampered respiratory alkalosis. The degree of hypoxemia 
in the case of "suppressed alkalosis” could not per se have caused 
depression of the respiratory apparatus, for immediately after- 
wards the animal responded to 6.7 per cent of oxygen with vigor- 
ous hyperventilation, although the arterial oxygen unsaturation 
here became much more severe (fig. 13 E). The obvious inference 
is that, if the development of respiratory alkalosis is suppressed 
during acute hypoxic hyperventilation, the full development of 
the hypoxic hyperventilation may also be suppressed. It is hard 
to explain such a mechanism except in terms of a decreased chemo- 
reflex drive, caused by the suppression of the alkalosis. 

It should be emphasized here that this is of course not meant 
to imply that inhalation of carbon dioxide will counteract hyper- 
ventilation in conditions of slight hypoxemia (with slight respira- 
tory alkalosis), hypercapnic hyperpnea or metabolic acidosis. 
The inhibitory action of (relatively) increased arterial pC0 2 or 
cH only refers to conditions in which hyperventilation is mainly 
or entirely maintained by the chemoreflex drive, e. g. conditions 
of acute hypoxemia, moderate or severe. There remains to be in- 
vestigated at which point of arterial oxygen saturation (or pressure) 
the stimulating effect of carbon dioxide just counterbalances its 
inhibitory effect upon the chemoreflex drive. 

Even a small increase of the dead space should accordingly 
counteract the full development of the chemoreflex drive, an 
inference that should have a certain bearing upon the designs of 
oxygen masks for flying at altitudes above 30,000 feet. The 
contested advisability of adding carbon dioxide to the inspired 
air during flying at high altitudes may perhaps require re- 
consideration in view of the results of the present experi- 
ments. 

Summing up the evidence obtained on the chemoreflex drive 
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in hypoxic hyperventilation during the stage of developing res- 
piratory alkalosis, the following can be said. The acute hypoxic 
hyperventilation is entirely caused by the chemoreflex drive, 
originally initiated by hypoxemic chemoreceptor excitation. As 
the respiratory alkalosis develops the chemoreflex drive necessarily 
becomes increasingly important, on account of the continuous 
decrease in the ccntrogenic support. In the stage of maximum 
respiratory alkalosis, hypoxic hyperventilation may be entirely 
maintained by the chemorefloxes, the chemosensitive cells of the 
center being apneic from missing stimulation. Evidence has been 
presented that the chemoreflex drive is not only determined by the 
prevailing degree of hypoxemia, but is actually potentiated by 
the respiratory alkalosis. It is possible that the potentiating effect 
of alkalosis is due to synaptic alkalinization, but other points of 
attack along the chemoreflex pathway may also exist. At present 
no conclusion can be drawn on this subject. From the teleo- 
logical point of view, however, the reflex character of tire con- 
nections between the central and peripheral chemosensitive cells 
is significant with respect to the demonstrated importance of a 
chemical intermediary mechanism, modifying the outcome of 
chemoreceptor excitation (cf. Gesele, Lapides & Levin 1940). 

Prolonged Oxygen Deficiency: the EflToct of the Compensation 
of Respiratory Alkalosis upon the Balance of Components in 
the Respiratory Control. 

In the definition of the problem it was pointed out that infor- 
mation has been lacking not only on the interaction of centrogcnic 
and chemoreflex components during the development of the 
respiratory alkalosis in the acute stage of constant oxygen defi- 
ciency, but also on the importance of the chemoreflex drive for 
the hypoxic hyperventilation in later stages of the same degree 
of ambient oxygen deficiency. It seems to be pertinent to inquire, 
whether the unbalance between the centrogenic and chemoreflex 
drives, that has been shown to develop during the acute stage of 
hypoxic hyperventilation, is retained if the respiratory alkalosis 
is allowed to become compensated spontaneously. 

For this purpose blocking experiments were made during 
hypoxic hyperventilation after the animals had been exposed to 
8—11 per cent of oxygen at atmospheric pressure for 6—10 hours. 
It was observed that a very small or no effect upon the volume of 
breathing was obtained. The chemoreflex drive had diminished or 
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completely subsided, and the hypoxic hyperventilation was thus 
mainly or entirely maintained by the chemosensitive cells of the 
center itself. It was possible to test the reversibility of the chemo- 
reflex drive in one case because of the good condition of the ani- 
mal. In this case the chemoreflex drive was found to be completely 
absent after an exposure of 5 hours to 8.2 per cent of oxygen. 
After a subsequent exposure of two hours to 100 per cent of oxygen, 
the effect of blocking the chemoreflexes was again observed 
under the acute influence of 8.2 per cent of oxygen. The blocking 
now revealed a return of the chemoreflex drive, giving approxi- 
mately the maximum effect that had been obtained in the begin- 
ning of the prolonged exposure. 

It is possible, although not probable, that in the blocking ex- 
periments after prolonged exposure to oxygen deficiency, in which 
the reversibility of the chemoreflex drive was not tested, the 
chemoreceptors or the chemo.receptive fibers might have been 
damaged during the prolonged experiment, the ceasing of the 
chemoreflex drive thus partly being due - to an artifact. However, 
the fact that undiminished hyperventilation continued seems to 
indicate at least, that the share of the center in the hypoxic 
hyperventilation greatly increases as the alkalosis becomes com- 
pensated during the course of a prolonged exposure to constant 
ambient oxygen deficiency. 

From the discussiowof the interaction of centrogenic and chemo- 
reflex control of breathing in the stage of developing respiratory 
alkalosis, it is obvious that this change in the relationship between 
the centrogenic and chemoreflex components could actually be 
anticipated. The finding of decreased chemoreflex and increased 
centrogenic drives is in complete harmony with the conception 
previously advanced, i. e. that the outcome of the chemoreceptor 
excitation is exaggerated by alkalosis and diminished if the alkalo- 
sis is reduced, and that the centrogenic support essentially runs 
parallel with the changes in the acidity of the chemosensitive cells 
of the center (this acidity approximating to the acidity of the 
arterial blood). The fact that during prolonged exposure to oxygen 
deficiency the center appeared gradually to regain the upper 
hand of the chemoreflexes, thereby becoming more or less solely 
responsible for the hypoxic hyperventilation as normal arterial 
reaction returns is, accordingly, not astonishing. 

It is significant, that in the stage of hypoxic hyperventilation 
when the compensation of the respiratory alkalosis had become 
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nearly complete,, the centrogenic component was actually greater 
than previously during eupnea. The arterial pH was, however, 
not more acid than it had been during eupnea, but instead slightly 
more alkaline. That the centrogenic component was supernormal 
may at first seem inconsistent with the conception, that the self- 
-engendered activity is essentially controlled by the reaction of the 
arterial blood (or by the reaction within the center itself). But, re- 
membering that hyperventilation must be combined with a decrease 
of the arterial pC0 2 and that the arterial cH had nearly returned 
to its eupneic value, it follows from the Henderson-Hasselbalch 
equation that the arterial BHC0 3 concentration must also have 
been less than it was during eupnea. Hence, provided the produc- 
tion of metabolic carbon dioxide remains constant, supernormal 
centrogenic breathing must go on, in order that the cH in the 
center or in the arterial blood shall not increase above its eupneic 
level. As has been pointed out before, the conception that the 
chemosensitive cells of the center respond to changes in, acidity 
does not imply that a certain pH shall induce a certain volume of 
centrogenic breathing. 

The change in the mechanism of hypoxic hyperventilation, 
which has thus been shown to occur during the course of a prolon- 
ged exposure to constant ambient oxygen deficiency may, ac- 
cordingly, he expressed as follows. ‘Whereas the pulmonary ven- 
tilation is mainly controlled by the need for oxygen in the acute 
stage of hypoxic hyperventilation (drive = essentially reflexo- 
genic), the same or nearly the same amount of ventilation is 
essentially maintained by the need for caTbon dioxide removal 
as the compensation of the respiratory alkalosis becomes complete 
(drive = mainly centrogenic). 

This interpretation of the finding of diminished or lacking effect 
of blocking the chemoreflexes after prolonged exposure to oxygen 
deficiency has been tested by observing the effect of a sudden 
increase in the oxygen supply at points 0 and D, fig. 8. In these 
cases the vagi were not sectioned, and the carotid regions were 
completely infact. Accidental damage to the chemoreceptors is 
therefore excluded. It was observed, that a sudden admini- 
stration of room air during hypoxic hyperventilation in the 
stage of maximum respiratory alkalosis (point C, fig. 8), would 
immediately decrease the ventilation. The new volume was 
markedly insufficient, for it took 5 to 20 minutes for the ar- 
terial oxygen saturation to reach its prehypoxic level. In certain 
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cases apnea ensued as soon as the arterial oxygen saturation had 
increased only insignificantly, and the arterial oxygen saturation 
thereby fell again, sometimes even below the lowest level it had 
attained under the preceding influence of oxygen deficiency (fig. 
14 B). This paradoxical insufficiency of breathing after increased 
oxygen supply in the alkalotic stage of hypoxic hyperventilation 
may be explained as follows. From the preceding discussion con- 
cerning the interaction of centrogenic and chemoreflex drives 
during the acute stage of hypoxic hyperventilation (developing 
respiratory alkalosis) it is apparent that the insufficiency of 
breathing after a sudden increase in the oxygen supply may be 
due 1) to decreased stimulation of the center from the lingering 
alkalosis, and 2) to decreased stimulation of the chemoreceptors 
from the rise in the arterial oxygen saturation that is caused by 
the increased oxygen supply. If the preceding oxygen deficiency 
has been effective in developing a considerable alkalosis, the 
hyperventilation may be entirely reflexogenic at the moment 
when the rise in the arterial oxygen saturation sets in, the chemo- 
sensitive cells of the center itself being apneic. It is obvious then, 
that, since no centrogenic support is active in the respiratory 
activity, a rise in the arterial oxygen saturation from suddenly 
increased oxygen supply will produce a dangerous condition, a 
condition that is characterized by a missing stimulation of the 
chemosensitive cells of the center and by a decreased stimulation 
also of the chemoreceptors. In the stage immediately following 
the increase in the oxygen supply, the respiratory activity will, 
therefore, eventually be maintained only by the chemoreflex 
drive, and this drive is considerably diminished by the increase 
in the arterial oxygen saturation. As was mentioned above, apnea 
would sometimes develop as soon as the arterial oxygen satura- 
tion had only increased insignificantly, and the arterial oxygen 
saturation would thereby temporarily fall again and, actually, 
below the level, that had previously maintained hypoxic hyper- 
ventilation (fig- 14 B). This result may at first seem difficult to 
explain, especially since the greatly increasing arterial cH during 
this apnea might be expected to stimulate the center. The find'ng 
may, however, be considered as further evidence that the outcome 
of chemoreceptor activity is greatly influenced. by reaction of the 
arterial blood. For it seems most probable that the increase in the 
chemoreceptor excitation, that must nccessar'ly have occurred 
during the period of apnea, was effectively blocked by the ip- 
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creasing arterial cH, this increase in the arterial cH, however, 
not being able to stimulate the chemosensitive cells of the center 
because the arterial cH was still alkaline. Therefore, apnea lasted 
till a moment, when the arterial oxygen saturation was consider- 
ably less and the arterial cH considerably higher than was the 
case during the preceding actual hypoxic hyperventilation. In 
other words: during the apnea that may follow upon a sudden 
increase in the ambient oxygen pressure during hypoxic hyper- 
ventilation and maximum respiratory alkalosis, the arterial cH, 
although increasing, may not be high enough to stimulate the 
center, but may become high enough to block the outcome of the 
increased excitation of the chemoreceptors that results from the 
decrease in the arterial oxygen saturation. 

From the above it is obvious, that a sudden increase in the 
oxygen supply during severe respiratory alkalosis from oxygen 
deficiency in the inspired air, may be particularly dangerous 
to the body in a paradoxical way. For increased oxygen supply 
may under such circumstances actually cause a decrease in the 
arterial oxygen saturation from respiratory insufficiency. The 
finding may possibly explain some of the deleterious effects that 
sometimes occur, when aviators during breathing of rarefied air 
at high altitudes suddenly resume oxygen inhalation. Such cases 
(some combined with actual casualties) have been reported by 
Schwartz & Malikiosis (1938), Jokl (see Schmidt & Comroe 
1941) and Schmidt & Comroe (1941). Schmidt & Comroe have 
put forth the question (1941), whether these situations may be 
similar in some respects to that existing in those patients who 
die when a severe tracheal obstruction is suddenly relieved by 
tracheotomy. In such cases alkalosis is not likely to prevail, 
however, 'but rather respiratory acidosis from respiratory depres- 
sion. In these cases, it is probable, therefore, that, when the ar- 
terial oxygen saturation suddenly increases, the chemoreflex 
drive suddenly becomes zero, partly because of the decrease in the 
stimulation of the chemoreceptors and partly because the in- 
creasing acidosis (from the resulting respiratory standstill) ham- 
pers the outcome of the chemoreceptor excitation, that must sooner 
or later occur as the arterial oxygen saturation again decreases. 

The finding of respiratory insufficiency following a sudden 
increase in the oxygen supply during hypoxic hyperventilation 
in the stage of maximum respiratory alkalosis has also a certain 
bearing upon some anaesthesiological questions. It is obvious 
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that care must be taken, not to increase the oxygen supply sud- 
denly, if there is any reason for the assumption that the ven- 
tilation is maintained entirely by the chemoreflex drive. Such a 
condition may easily occur if for any reason oxygen deficiency is 
present. Especially in profound narcosis the respiratory activ- 
ity may be maintained entirely by the chemoreflfcx drive, re- 
sulting from a certain degree of arterial oxygen unsaturation 
and from depression of the respiratory center by the anesthetic 
used. Benzinger, Opitz & Schoedel (1939) report an npnen 
of 10 minutes following a sudden increase in the oxygen supply 
from room air to 100 per cent in a dog under deep Pernocton 
anaesthesia. From the foregoing it is most probable, that this 
apnea was primarily due to decreased chemoreccptor excita- 
tion and to depression of the centrogenic component by the an- 
aesthesia, and secondarily to the increasing acidosis, that must 
inevitably have developed during the apnea, causing a blocking 
of the chemoreccptor signals, which must ns inevitably have 
increased again during the apnea. Otherwise the decreased arterial 
oxygen saturation would be expected to have initiated breathing 
much sooner. 

Further evidence, that the balance of the centrogenic and chemo- 
reflex components changes during hypoxic hyperventilation as 
the respiratory alkalosis spontaneously becomes compensated, 
was obtained, when the effects of a sudden increase in the oxygen 
supply during maximum respiratory alkalosis (point C, fig. 8) 
were compared with those effects, which occurred at point D (fig. 
8) in the same animals. Although room air was administered at 
both points, the decrease in the respiratory activity was much 
less when the respiratory alkalosis had nearly become compen- 
sated, than at the point of maximum respiratory alkalosis. The 
difference was strikingly illustrated by the abrupt and great in- 
crease in the arterial oxygen saturation, which now occurred os 
soon as room air was administered. Generally the arterial oxygen 
saturation rose to a level higher than was originally maintained 
during eupneic breathing, i. e. before hypoxic hyperventilation 
prevailed (fig. 13 A and C). That the respiratory activity was here 
maintained at a greater magnitude after increased oxygen supply, 
than when the effect was observed in the stage of maximum 
respiratory alkalosis, is also obvious from the fact that the arterial 
cH rose to about the same degree as in the stage of maximum 
alkalosis, thereby overshooting the original eupneic level. For this 
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increase of arterial cH means a smaller increase in the arterial 
pC0 2 (smaller decrease in the pulmonary ventilation), since the 
arterial BHC0 3 concentration must necessarily have been less 
here than during the stage of maximum respiratory alkalosis. 

This finding of a smaller decrease of the volume of breathing 
when room air was administered after prolonged exposure to a 
constant degree of ambient oxygen deficiency instead of in the 
acute stage, illustrates the “fixed hyperventilation” (cf. p. 35). 
The minor influence of a sudden increase in the oxygen supply after 
prolonged exposure upon the volume of breathing, is in complete 
harmony with the results of the blocking experiments described 
above. A fixation of the hyperventilation may, in fact, be antici- 
pated, when remembering that an increased share of the chemo- 
sensitive cells of the' center itself in this stage of hypoxic hyper- 
ventilation was demonstrated. The centrogenic component here 
maintains the greatest part of the hyperventilation, and a di- 
minished excitation of the chemoreceptors, occurring as the 
arterial oxygen saturation increases during the increased oxygen 
supply, should accordingly only have a minor influence upon the 
volume of breathing. That the chemoreflexes continue to play a 
certain role for the hypoxic hyperventilation, even after prolonged 
exposure to oxygen deficiency is, however, likely, since the respi- 
ratory activity actually decreased somewhat. 

That the centrogenic breathing becomes supernormal after 
prolonged exposure to oxygen deficiency does not mean that the 
center should gain the ability of being stimulated by oxygen lack. 
The supernormal centrogenic breathing is maintained by the 
need for carbon dioxide removal, as is the case in eupneic breathing, 
i. e. the center reacts to changes in the acidity of the arterial 
blood or within its own cells. That the centrogenic breathing is 
supernormal can be assumed to depend upon the decrease of the 
buffering capacity of the blood or of the center’s own intracellular 
fluids against carbon dioxide of metabolic origin. 

The deus ex machina in the change of the interaction of centro- 
genic and chemorefiex control of breathing at rest during the 
course of a prolonged exposure to a constant degree of tolerated 
oxygen deficiency in the inspired air seems to be the chemorefiex 
drive. The increase of the chemorefiex drive in the acute stage 
of oxygen deficiency protects the body from the deleterious 
effect of want of oxygen, thus constituting an urgency mechanism 
primarily. This mechanism is,, however, not meant to retain its 
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dominance over tin* eontrogrnic component jf t )»*' influence <>! 
ambient. oxygen deficiency i< prolonecd, ns in dwellers at )s iifb 
altitudes. At- iu*eliinnti?.aiion to a certain degree of Muhb'»t oxygen 
deficiency develops, the center attain gains the upper hand of 
tlio citemoreflex drive, a change that siMmis t-sf-otudly to be caused 
l>y the spontaneous enmpon-ntion of tin* respiratory nlknln-ts. 
This compensation is t he result of « decrease in tin; buffering 
capacity of the blood. Tin* chemoreficx drive i* nho responsible 
for t!tis decrease in tin* buffering rapacity, for without this drive 
hypoxic, hyperventilation would not occur nor enn*‘>'<puntly would 
the decrease of the bicarbonate* take place (of. p, Ifj). The rhento- 
reflex drive is thus responsible for t lie phyMco-chetuient nwelmnism, 
l>y 'vliich the center itself liecomes more sensitive to n pi ven pro* 
dudion of nictnbolie earljon dioxide. 

Tiie ciianpes in the internet ion t>f eentropenie nnd chelnoreflex 
compoiwnis during (lie course of n prolonged exposure to « con- 
stant, degree of nmhient oxygen deficiency at rest ns revealed l>y 
the present e.vjieriments are graphienlly represented In* fig. In. 
It seems that. 'certain correlations can he made between the fin- 
dings of the present work and the respiratory X theory of 
IIkxukkko.v, if the mysterious agent is considered (o he t he same 
as the. chemoreflex drive. Ak lias been pointed out above (p. '22) 
the respiratory X component may he transferred into the act unt 
component in the hypoxic hyperventilation, for which the oxygon 
lack is responsible. The remaining component may he regarded 
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as caused by the need for carbon dioxide removal. By extensive 
studies of the main pbysico-cbemical factors, which are involved 
in the physiological mechanism of acclimatization to different 
ambient oxygen pressures, Henderson came to the conclusion 
that the respiratory X component should essentially be proportio- 
nal to the amount of alkali in use in the blood. As the blood alkali 
decreases under the influence of prolonged hypoxic hyperventila- 
tion, the respiratory X component should accordingly decrease, 
and the hypoxic hyperventilation should instead increasingly be 
maintained by the need for carbon dioxide removal. If this 
change is expressed as a function of time, essentially the same 
graph is obtained as in fig. 15, although “need for oxygen” should 
stand for “chemoreflex drive” and “need for carbon dioxide re- 
moval” for “centrogenic drive”. 



VI. Summary. 


A critical survey is given of notable conceptions of the chemical 
regulation of respiration during oxygen deficiency at rest. Earlier 
and recent work, is reviewed, and special regard has been payed 
to the influence of the discovery of the chemoreflexes upon the 
validity of earlier theories. Correlations have been made between 
established facts concerning the hemo-respiratory functions in- 
volved in the initiation and maintenance of hypoxic hyperven- 
tilation. 

Mainly as the result of such correlations between physico- 
chemical and physiological factors the problem of the present 
work has arisen, viz. the interaction of centrogenic and chemo- 
reflex chemical control of breathing during oxygen deficiency at 
rest (p. 38). 

The interaction of centrogenic and chemoreflex components 
in the hyperventilation during acute and prolonged exposures to 
constant degrees of ambient oxygen deficiency has been followed 
experimentally in dogs under chloralose. The method of study es- 
sentially consisted in observing those respiratory reactions which 
were caused by selective, temporary and repeated cold-blockings 
of the carotid chemoceptive signals in certain stages of hypoxic 
hyperventilation. The vagi were cut, and the cold-blockings thus 
temporarily eliminated all known chemoreflex influence upon the 
center. The respiratory reactions were judged by the aid of simul- 
taneous, direct and continuous recordings of the arterial pH and 
oxygen saturation, and yielded data and conclusions as follows. 

Acute hypoxpc hyperventilation: In the stage of hypoxic hyper- 
ventilation, that is characterized by , increasing respiratory al- 
kalosis in the arterial blood, the self-engendered activity of the 
chemosensitive cells of the center — free from the 'chemoreflex 
drive — decreases in close relationship to the increasing arterial 
alkalosis. This decrease of the centrogenic support in the hypoxic 
hyperventilation is essentially due to decreasing stimulation of 
the chemosensitive cells of the center by decreasing arterial 
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acidity. Evidence seems to warrant the conclusion that the intra- 
cellular reaction of the center does not differ significantly from 
that of the arterial blood during acute tolerated oxygen deficiency. 
The cellular acidity theory must be refuted if taken in the sense 
that acute oxygen deficiency should induce increased intracellular 
acidity within the cells of the center. However, it may retain its 
validity if ‘modified only to postulate that the center responds to 
changes in its acidity (pp. 60 — 67). 

The chemoreflexes are entirely responsible for the increase 
in the volume of breathing that is initiated under the influence 
of acute ambient oxygen deficiency. The chemoreflex drive gra- 
dually increases during the development of the respiratory alkal- 
osis, thereby compensating for the gradual decrease in the centro- 
genic support. In maximum respiratory alkalosis from acute 
ambient oxygen deficiency, the chemoreflexes may be responsible 
for the entire ventilation, the chemosensitive cells of the center 
itself being apneic from missing stimulation. Evidence is presented 
that the increase of the chemoreflex drive during the development 
of the respiratory alkalosis is not only determined by the hypox- 
emic stimulus to the chemoreceptors, but is actually potentiated 
by the alkaline change per se (pp. 67 — 73). 

Prolonged hypoxic hyperventilation: Whereas the chemoreflexes 
gradually gain the upper hand of the center during the develop- 
ment of respiratory alkalosis, the center again becomes increasingly 
important when, under the same degree of ambient oxygen defi- 
ciency, the respiratory alkalosis gradually and spontaneously 
becomes compensated. The unbalance between the centrogenic 
and chemoreflex components thus attains its maximum at the 
maximum of the respiratory alkalosis. The pace-making action 
of the chemoreflexes decreases again approximately to its 
eupneic importance as the compensation of the respiratory al- 
kalosis becomes complete (acclimatization). In this stage of 
hypoxic hyperventilation the centrogenic breathing is super- 
normal. This fact seems to be consistent with the conception that 
the chemosensitive cells of the center react to changes in acidity. 
The decrease of the chemoreflex drive may possibly be due to a 
suppressing action of the increased arterial cH and/or to adaptation 
of the chemoreceptors to the hypoxemic stimulus (pp. 73 — 82). 

Other conclusions from the present experiments: 

Temporary cold-blocking of the chemo- and pressosensory im- 
pulses in the sinus nerve under eupnea and after sectioning of the 
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va<n may produce an increase of the pulmonary ventilation, 
obviously from the withdrawal of tonic inhibition from the presso- 
receptors (p. 43 and fig. 7 A, cf. Heymans & Boucicaert 1930). 

The importance of the chemoreflex drive for the maintenance 
of the eupneic arterial oxygen saturation under general anaesthesia 
is demonstrated (p. 55 and fig. 9 A, cf. Euler, Liljestrand & 
ZOTTERMAN 1939). 

The hyperventilation set up by decreased ambient oxygen 
pressure may under certain circumstances be suppressed by in- 
halation of carbon dioxide (p. 70 and fig. 13). 

A sudden increase in the oxygen supply during hypoxic' hyper- 
ventilation and respiratory alkalosis may — at least under ge- 
neral anaesthesia — be dangerous to the body from missing 
stimulation of the center and ehemoreceptors and from blocicing 
of the chemoreflex drive by the increasing arterial cIT (p. 76 and 
fig. 14 B, cf. Gesell, Lapides & Levin 1940). 
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PREFACE. 


The following work represents investigations carried out during 
1944, 1945, and 1946 at the Clinic for Gynecology and Obstetrics 
of the Royal Caroline Institute in Stockholm. 

Professor Axel Westman, the head of the clinic, suggested the 
original plan for this investigation. I wish to express my warmest 
thanks for the great interest he has shown in my work, which he has 
furthered with valuable, critical discussions of its clinical details 
and by generously placing the resources of his clinic at my disposal. 

I have a great debt of gratitude to Docent Ake Orstrom, who has 
followed the development of this work with unfailing interest. He 
has always been ready to give me the benefit of his great experience, 
and my work owes a great deal to several stimulating discussions with 
him. 

Most of the investigations have been carried out at the Depart- 
ment for Metabolic Research of Wenner-Gren’s Institute. I wish 
to tender my sincere thanks to the head of that department, Docent 
Jakob Mollerstrom, who has allowed me to -work in his well equipped 
laboratories and to utilize the valuable resources of his department. 
My friend and fellow-worker in that laboratory Dr Ule Borele, I 
thank heartily for his valuable advice and perpetual interest in my 
research. 

My investigation has been carried out on material which has si- 
multaneously been examined at the special laboratory for sperm ana- 
lysis of the Caroline Institute. I would express my thanks to the chief 
of that laboratory, Dr Eric Nordlauder, for the information re- 
garding the clinical background of the samples and the results of 
the routine analysis, and to Miss Brita Hogberg for making these 
determinations. I would also express to Mr Bertil Matern M. A. 
my great appreciation for his valuable help in the statistical working- 
up of the material. The much-needed improvements in the linguis- 
tic get-up of this thesis have been provided by Dr Dudley Cheesman. 
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I owe my greatest debt of gratitude to my wife Mrs Birgitta 
Westgren for her comradeship and interested assistance in my work. 

The investigations have been facilitated by financial assistance* 
from the “Therese and Johan Anderson Foundation”, the special 
fund of the Medical Prize Group of the Nobel Foundation, and a scho- 
larship from the Swedish Government for the furthering of medical 
studies. 

Stockholm, February 1946. 


Anders Westgren. 



Introduction. 


Human sterility is due to the breakdown of the physiological in- 
tercourse between two individuals, of whom one may be partially or 
totally responsible for the failure. For obvious reasons the biological 
method used in the breeding of domestic animals for the elucidation 
of problems of sterility, cannot be used here. The physician is there- 
fore faced with the problem of elucidating the causes of sterility only 
by careful examination of both partners of the sterile couple. During 
the last decades considerable progress has been made in clinical me- 
thods for the examination of sterility, but there are still many cases, 
perhaps the majority, where no certain diagnosis can be made. 

In the examination of the male partner we have one advantage 
which is not available in the case of the female: we can study the 
sex cells directly. The ideal method for the diagnosis of male sterility 
would naturally differentiate the samples of sperm into two groups, 
one from the fertile and the other from the sterile men. Unfortunately, 
no method is yet known, that makes this possible. 

Our knowledge concerning the morphological and physiological 
properties of the spermatozoa is comparatively recent and many 
important details are still lacking. In the diagnosis of sterility we 
are only interested in the differences observed in spermatozoa in 
cases of fertility and sterility. This problem has been studied morpho- 
logically for at least twenty years and many valuable results have 
been obtained. Especially after the work of Moench (1930, 1936, 
and 1940), which seemed to give an exact method for the appraising 
of the sperm sample by morphological methods, the problem seemed 
to be solved. Unfortunately this inference was premature, as has been 
pointed out by, among others, Westman (1944). Other investigations, 
especially those of Schultze (1937, 1938), have not given the same 
favourable results, and at present the question whether a morphological 
analysis is sufficient to give an exact diagnosis of the state of fertility 
of the donor of the sample, cannot be answered in the affirmative. 
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The study of spermatozoa by biochemical methods for the eluci- 
dation of cases of sterility is much more recent. It has hitherto pro- 
vided only conflicting results in the question, whether an actual 
difference can be established between the metabolisms of normal and 
pathological sperm samples. 

The object of my work has been to study the metabolism of sperma- 
tozoa by physiological methods and thus to find a suitable method 
for the differentiation between normal and pathological sperm 
samples. 



CHAPTER I. 


Review of Former Investigations. 

The Physico-chemical Properties of Human Semen. 

Biochemical analyses of the human semen have been performed 
by several workers, e. g. by McCarthy, Stepita, Johnson, and 
Killian (1928), Huggins and Johnson (1933), Goldulatt (1935), 
and Huggins, Scott, and Heinen (1942). The figures of the last 
workers have been obtained from 56 normal men, and the properties 
of semen, prostatic fluid and the fluid from the vcsicuhe scminales 
have been examined separately. Some of these data will be given here: 



Semen 

Prostata 

Vos. seminal. 

PH 

7.19 

6.45 

7.29 

Total CO, in microniol 

24 

4.2 


Acid phosphate in micromol 

23.8 

1.09 

14.7 

Glucose in mg per cent 

295 

16.4 

390 

Lactic acid in mg per cent 

95 ‘ 




The proteins of seminal plasma mostly consist of proteoses, the 
concentration of globulin is only 1.2 per cent. With electrophoretic 
methods Ross, Moore, and Miller (1942) have found less than 
0.02 per cent albumin. The latter authors and Sikorski (1943) 
have studied the electrophoretic patterns of seminal plasma from 
some abnormal samples of human semen and have found no diffe- 
rence from the normal. 

On ejaculation the spermatozoa become immersed in a solution 
with high buffering capacity owing to its high concentration of phos- 
phates, proteins, and bicarbonate and with a high concentration of 
glucose. 

The enzyme hyaluronidase has been the object of much study in 
recent yea rs. When hyaluronic acid, a highly viscous substance, is 

1 Bernstein and Slovohotov (1933) have found 40 — 50 mg per cent in 
human semen. 
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decomposed by this enzyme the viscosity is lowered and reducing 
substance is given off. The presence of hyaluronidase in the mamma- 
lian testis and sperm has been demonstrated and experiments by 
Elisabeth Fekete and Duran-Reynals (1943) and Rowlands 
(1944) have shown its importance in the process of fertilization. The 
former authors studied the solvent action of testis extract on the 
cells surrounding the ovum of the rat. The latter demonstrated that 
if hyaluronidase was added to the spermatozoa to be inseminated, 
the amount of sperm cells could be reduced to numbers which other- 
wise would have had no fertilizing effect. 

In 1930 Kurzrock and Lieb demonstrated that if semen was al- 
lowed to act on strips taken from the muscular wall of the human 
uterus, the strips reacted by contraction or relaxation. The effect 
was very variable, von Euler (1934, 1934, and 1936) and Goldblatt 
(1935) have studied this question separately, finding substances 
resembling adrenaline in human semen. Zeller and Joel (1941) 
have demonstrated the presence in seminal plasma of diamino- 
oxidase, monoamino-oxidase, and choline esterase. Huggins and 
Neal (1942) have found proteolytic enzymes in semen. A fibrino- 
lysin and a substance inactivating fibrinogen are secreted from the 
prostate gland. The physiological functions of all these substances 
are unknown. 

Goldblatt (1935) has found in human semen an enzyme similar 
to the starch-splitting diastase found by Karassik (1927) in dog’s 
semen. Its activity in the pH range of 7.0 — 7.5 most often met 
with in human sperm samples was not measured. 

MacLeod and Hotchkiss (1942) determined the concentration of 
spermatozoa, lactic acid, glucose, and reducing substance in samples 
of semen which had been divided into two portions. In the first 40 
per cent of each sample 75 per cent of the spermatozoa were found; 
the concentration of lactic acid was higher and that of glucose lower 
than in the other part of the sample. Samples without spermatozoa, 
from cases of azoospermia, had a high concentration of glucose and 
little lactic acid (about 45 mg per cent). 

Schersten (1936) has reported that human semen contains large 
amount-s of citric acid, mostly derived from the prostate gland. 

The effect of the variation of pH in combination with various or- 
ganic and inorganic ions has been studied by several workers, e. g. 
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Shedlovsky, Belcher, and Levenstein (1942) and Broavn (1943). 
The spermatozoa were most motile at pH 7 to 9 (Muschat), and if 
they had been inactivated by an unsuitable hydrogen ion concentra- 
tion they could be restored to normal activity by bringing this fac- 
tor to a more suitable value. The addition of sulphapyridine and 
sulphanilamide in clinically therapeutic concentrations had no ef- 
fect on the longevity of the spermatozoa. Shedlovsky and coworkers 
studied the effect of various acids and alkalis, finding that only ace- 
tic acid, monochloroacetic acid and ammonia had a spermicidal 
effect that exceeded that caused by the change of pH. 

Comparatively little has been done concerning the analysis of hu- 
man spermatozoa in contrast to other mammalian spermatozoa. 
Zittle and O’Dell (1941) in a few cases have found conditions in 
human spermatozoa similar to those of other mammals. In these 
cells large chemical differences were found in the various parts. The 
greater part of the lipid content was found in the tails, the heads 
having the highest phosphorus content. A large amount of sulphur 
was found mostly in the form of cystine or cysteine. The presence of 
glycogen in human spermatozoa has not been demonstrated. 

Motility of Human Spermatozoa. 

The question of the rate at which the spermatozoa can travel 
through the genital tract has long been in the centre of clinical inte- 
rest. Tsukamoto (1932) and before him Adolphi (1905) have studied 
the velocity of spermatozoa under the microscope and found it to 
be about 1.4 mm/minute. The rate in vivo probably exceeds this. 

Ohlin (1935) has studied the question whether the epithelium of 
the tubes can maintain motility of the spermatozoa in any measurable 
degree, but has found no such effect. 

The diagnostic value of determinations of the motilities of the sper- 
matozoa in cases of sterility has been very differently estimated. The 
only author who considers the degree of motility to be of great im- 
portance for the appraisal of the sperm sample is Huffman (1941). 
He also characteristically points out how easily the spermatozoa are 
damaged and lose their motility if not carefully treated before the 
examination. Hotchkiss (1941), Weisman (1941, page 72), and 
Hammen (1944) all attribute some importance to the degree of mo- 
tility, but point out that otherwise quite “normal” sperm samples 
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sometimes have low motility. The figure for the per centage of immo- 
tile spermatozoa, that should be considered as pathological varies 
for different workers. Weisman gives the figure of 20 per cent, but 
Hajimen has found more than 40 per cent of immotile cells in many 
otherwise normal samples. Moench (1939), Joel (1941), and Var- 
nek (1944) all state that “motility is not a criterion of fertility”. 

In conjunction with these problems another method for the ana- 
lysis of the properties of the sperm sample should be mentioned. 
In this method the sample is stored at standard temperature, usually 
protected from evaporation and is examined at regular intervals in 
order to determine how long the spermatozoa retain motility under 
these circumstances. The conditions under which the sample is 
stored vary for different workers; they are described for example, 
by Weisman (1941, p. 73). This author has also studied the corre- 
lation between the temperature in which the sample is stored and the 
longevity, viz. the ability to retain motility. Normal spermatozoa 
usually retain motility at room temperature for 24 hours, at 34— 
35° C. for 18 hours, and at 37.5° C. for 10 to 12 hours. Weisman 
(1941, page 74) remarks that the sample must be carefully treated 
before the examination if the method is to give accurate results. 

Metabolism of Spermatozoa. 

As research work on the metabolic processes of spermatozoa has 
primarily been directed on animal sperm, this work will now be re- 
viewed before the corresponding work on human spermatozoa. 
Similarly, in the next chapter the results acquired by using the me- 
tabolic properties of animal spermatozoa as standards of fertility, will 
be dealt with before the corresponding work on human spermatozoa. 

The first demonstration of the respiration of spermatozoa was made 
by Gray (1928). Using the Barcroft-Haldane manometer he 
further showed how the respiration increased on dilution of the 
suspension of spermatozoa taken from the sea-urchin. Both Wind* 
stosser (1935) and Winberg (1939) have found similar reactions in 
suspensions of mammalian and cock’s spermatozoa respectively. 
Measuring the value of Z 0i (the respiration in p. l./hour and 10 s 
cells) of the spermatozoa from different mammals, Lardy and 
Phillips (1943) have obtained very different figures (bull 21, cock 7, 
rabbit 11, and ram 22). 
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The source of energy for the motility of tlie spermatozoa lies been 
the object of much work.since 1931. In that year Ivanov called at- 
tention to the fact that neither the addition of cyanide nor the 
complete evacuation of oxygen could stop the movements of the 
spermatozoa which showed that the energy of motion was not ob- 
tained tlirough respiration. 

Using the Warburg technique, Redenz (1933) demonstrated 
that the spermatozoa taken from quinea-pig and rabbit also had full 
motility in the absence of oxygen and he could measure the forma- 
tion of acid metabolites. He came to the conclusion that glycolysis 
was probably the source of energy. Ivanov (1935) then demonstrated 
that motility proceeded even if both these reactions were stopped. 
He had blocked glycolysis with monoiodoacetic acid in the absence 
of oxygen and it became evident that the cells had another source 
of energy. Lardy and Phillips (1941 and 1944) have studied this 
problem on hull sperm and found evidence of an intracellular reserve 
of energy in the form of phospholipids (see also p. 16). 

The degradation of glucose and formation of lactic acid in bull 
and human semen have been studied by Bernstein and Slovohotov 
(1933, cf. Anderson p. 78). Unfortunately the papers describing 
this work have not been accessible to the author except in abstract, 
and important details are therefore lacking in this recapitulation. The 
lactic acid was determined according to the methods of Briedemann, 
Cotonio, and Shaffer and of Mendel-Goldscheiner. The concen- 
tration of the glucose decreased when the sample was stored and the 
motility of the spermatozoa was highest when the curve of glucose 
splitting was steepest. Occasionally a slow splitting of glucose oc- 
curred in samples where no motile cells were present. The formation 
°f lactic acid varied with the density of the suspension, the intervals 
between the matings and the time between collection of the ejaculates 
and examination. The end of motility for the spermatozoa could not 
be explained by the glycolysis figures. Usually a large part of the 
glucose was still present in the solution and the concentration of lac- 
tic acid at the end was very variable. These results must he seen in 
conjunction with the results of Karassik (1927). who lias found a 
dmstatic enzyme in dog’s semen and pointed out its importance for 
the glycolysis of the spermatozoa (for further discussion see also pp. 
10 and 50), 

Manx (1915) has studied the anaerobic metabolism of ram sperm. 
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He was especially interested in tlie phosphorus metabolism of the 
cells and found several of the important metabolites that are typical 
for the breakdown of glucose with the help of adenosine triphosphoric 
acid. 

The presence of several other important metabolic factors have 
been demonstrated by different workers. Lardy and Phillips 
(1941) have found succinic acid dehydrogenase, riboflavine, and an 
active alkaline phosphatase in the semen of bull. Winberg (1941) 
found a comparatively high concentration of cozymase in the sper- 
matozoa of the cock. When respiration, as measured in the Warburg 
apparatus, had stopped, the concentration of cozymase had decreased 
to only 40 per cent of the original figure. Spectroscopic determina- 
tions by Mann (1945) revealed the presence of cytochromes a, b, 
and c in ram sperm. 

Determinations of the metabolism of human spermatozoa have 
been made only since 1928. In that year McCarthy, Stepita, 
Johnson, and Killian demonstrated how the concentration of re- 
ducing substance decreased when a sperm sample was stored, and 
found a formation of lactic acid. Killian (1933) confirmed the for- 
mation of lactic acid and showed how the pH changed in a specimen 
which was not protected from evaporation. In these specimens the 
pH rose steeply at first because of the loss of C0 2 to the air; it then 
gradually decreased. Killian claimed that the decrease of pH re: 
suited from the formation of lactic acid by the spermatozoa, but 
this can be doubted when the relatively small amounts of lactic 
acid formed by suspensions of human spermatozoa are compared 
with the high buffering capacity of the sperm plasma. 

Different opinions have been held concerning the problem whether 
the spermatozoa form a proportionate amount of lactic acid from the 
glucose they consume. If one molecule of glucose were split and to- 
tally converted into lactic acid, two molecules of lactic acid would 
be formed. The quotient between the amounts in micromoles of lac- 
tic acid formed and glucose consumed by the spermatozoa would be 2. 

McCarthy et al. (1928) and Goldblatt (1935) have found that 
much more glucose disappears than would have been consistent rath 
the complete conversion of glucose to lactic acid. Killian (1933), 
on the other hand, has found a proportionate formation of lactic 
acid. All these determinations were.made in much the same manner. 
The sperm samples were incubated for a certain time, often as long 
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as 24 hours, and the concentrations of glucose and lactic acid were 
determined before and after the incubation. It has been pointed out 
by MacLeod (1943) that serious errors due to the growth of bacteria 
were probably introduced into these determinations, and the problem 
is therefore still unsolved. 

Shettles (1939) investigated these problems and used the War- 
burg technique for the determination of respiration and glyco- 
lysis (formation of acid metabolites). He found the respiration of 
the sample was directly proportional to the number of spermatozoa 
present. Boss, Miller, and Kurzrock (1941) studied the same pro 
blem using the methods of Dickens and Simer for measuring the 
respiration and glycolysis. These authors separated the spermatozoa 
from the plasma by centrifuging and resuspended them in a solution 
of RiNGER-bicarbonate in equilibrium with a gas mixture of 1.2 per 
cent C0 2 and 98.8 per cent oxygen. In contrast to the results obtained 
by Shettles, they found the respiration of the spermatozoa negli- 
gible. The plasma proved to have a much greater respiration than 
the cells. The degree of motility and the density of the suspension 
were probably of significance for the metabolism. There were great 
variations between the values for the metabolism of sperm specimens 
from the same individual at different times. 

Since 1939, MacLeod has published several papers on the meta- 
bolism of human sperm cells (1939, 1941, 1942 and 1943). After 
separating the spermatozoa from the plasma by centrifuging he sus- 
pended them in a Ringer solution, usually adding sufficient glucose 
to make the concentration 200 mg per cent solution. Bor determina- 
tions of respiration he added a 1/15 molar phosphate buffer to pH 
7.4, and for glycolysis a 0.03 molar bicarbonate solution. In the first 
case he used the differential method of Dickens and Simer, in the 
second the direct method of Warburg. Like the former authors he 
found the respiration to be insignificant (Zo 2 ~ 1.8). The cells were 
more liable to a decrease of activity in an oxygen atmosphere than 
under anaerobic conditions. The formation of acid metabolites 
(mostly lactic acid) was more active anaerobically (Z£* 9, Z^ ! 11). 

As substrates for their metabolism the spermatozoa could employ 
maltose, mannose, fructose, and glycogen, but saccharose and galac- 
tose were unsuitable. A concentration of more than 600 mg per cent 
glucose was harmful. 

A slight contamination with bacteria was usual. The samples had 
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been obtained from normal men by manipulation or coitus interrup- 
tus. Three specimens, free from microorganisms, showed exactly 
the same metabolic behaviour as the “non sterile” specimens. Bac- 
terial growth was manifested by an increase in the formation of acid 
metabolites, which increased logarithmically. This did not take place 
until the sample had been stored at body temperature for more than 
three hours. 

The individual acid production remained relatively constant from 
week to week. Sharp rises and falls occasionally occured which could 
not be accounted for on the basis of motility. No significant diffe- 
rence could be found by MacLeod in the metabolism of samples of 
differing cell-morphologies. 

According to the opinion of MacLeod there are two systems of 
metabolism in the human spermatozoon: 

1. Glycolysis, with the production of lactic acid from glucose. The 
sperm cells acquire their motive energy from this. The reaction can 
be stopped by addition of monoiodoacetic acid. Lack of suitable su- 
gar results in the suspension of all motility after 2 to 4 hours. The 
movements begin again if such a sugar is added, unless the cells have 
been exposed to oxygen or been immotile for more than half an hour. 

2. A cytochrome system. The author states that the presence of 
cytochromes a and b has been proved indirectly. On addition of 
succinate the respiration increases but motility stops. 

A high oxygen tension checks the motility and metabolism of 
spermatozoa. If haemoglobine or catalase is added, this effect can 
be avoided. The author suggests the possibility of the formation by 
the sperm cells, as by certain microorganisms, of hydrogen peroxide, 
which they are unable to handle with their incomplete enzyme 
system. 

Metabolism as a Standard of Fertility. 

Walton and Edwards (1938), using Barcroft-Dixon mano- 
meters, measured the respiration of sperm samples from bulls. In 
these experiments they did not separate the sperm from the plasma 
but only diluted the samples with a phosphate buffer. They demon- 
strated that the respiration was higher in samples from bulls of good 
fertility than in those from sterile bulls. Comstock and Green (1939) 
published similar investigations on the respiration and formation of 
acid metabolites in sperm samples from bull and goat. In these 
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determinations they did not compare the metabolism with the fer- 
tility of the bull but with the longevity of the cells, viz. the ability of 
the spermatozoa to remain motile for a sufficiently long time. The 
correlation was 0.87 for the glycolysis and 0.58 for the respiration. 

A new method for obtaining criteria of fertility was tried by 
Sorensen (1942). He used a modified Thunberg technique, meas- 
uring the rate of dehydrogenation by suspending the spermatozoa 
in a solution of methylene blue. He found a very good correlation 
between the time of decolorization and the amount of spermatozoa 
motile in the suspension. 

Klein and Saro'ka (1941) have used a similar method to measure 
the metabolism of human spermatozoa. They determined the rate 
of dehydrogenation and found this to be a good way of appraising 
the specimen and the fertility of the donor. If the sample took more 
than one hour for the decolorization, the donor probably was sterile. 
A similar method has been tried by Hammen (1944), but his results 
have not been very satisfactory. The time consumed often exceeded 
one hour and in all such cases it is probable that factors other than 
the metabolism of the spermatozoa interfered with the reaction. 

Ross, Miller and Kurzrock (1941) have studied the metabolism 
of spermatozoa with manometric methods as mentioned in the pre- 
ceding chapter. If the samples were divided into three groups, 
1) fertile, 2) probably fertile and 3) probably sterile, there was no 
difference between the groups in the rate of formation of acid meta- 
bolites but some difference in the rate of respiration. This latter 
deviation was, however, so small that the results were not quite 
reliable. 

Morphological analysis has been considered the best method of 
differentiating normal and pathological sperm samples, but Mac- 
Leod has not been able to find any correlation between the meta- 
bolic and morphological properties of the spermatozoa. 

Finally, I must own that owing to the war and its restrictions 
on the circulation of scientific literature, it is possible that some 
important papers on the subject in hand have been too briefly re- 
viewed or possibly overlooked. 


^ 46156 A. Westaren 



CHAPTER II. 


Plan of the Investigation. 

The object of the present work was to find a suitable clinical 
method for the elucidation of cases of male sterility by the examina- 
tion of sperm samples. As the methods are intended to be used 
clinically, they should not be excessively complicated or time- 
consuming. They should give well-defined and objective measures 
of the properties of the sample, especially of the density of the sus- 
pension of spermatozoa, the degree of motility and the metabolic 
rate of the cells. 

After a review had been made of the methods already used for 
this purpose or apparently adaptable thereto, the following plan of 
investigation was drawn up. 

For the determination of the density of suspensions of spermato- 
zoa, the method which has been most widely used was that originally 
worked out by Belding (1934). The spermatozoa are diluted with 
a liquid which stops their movements, whereafter they are counted 
on a counting slide. The determination of the degree of motility 
of the cells is usually made by observing a certain number of cells 
in a drop of sperm on a slide under the microscope and counting the 
motile and non-motile cells. The result can be given as a percentage 
or in other manners which vary for different workers. A difficulty 
of this method is the counting of the motile cells if their percentage 
is high and especially if their speed is great. 

Another weakness is the impossibility of obtaining identical con- 
ditions for different samples, since the thickness of the sperm layer 
varies with the viscosity of the sample. These difficulties have been 
avoided in a method described by Clare Harvey (1945) which has 
been employed in this work (see p. 23). 

Use was made of the manometric method first described by "VVar- 
BURO-for measuring the formation of acid metabolites, since this had 
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been employed by most of the workers in this field, and thus appeared 
to be fairly well developed (see p. 25). Another advantage of this 
method is that it readily permits the simultaneous use of other 
methods for studying the properties of the object under investigation. 

In some experiments determinations were performed, according 
to the “direct” method of Warburg of the respiration rates of sus- 
pensions of spermatozoa. As, however, these seemed very low or 
even impossible to measure, in agreement with the results of Ross 
et al. (1941) and MacLeod (1941), this method appeared unsuitable 
for the purpose. 

The colorimetric determination of lactic acid according to the method 
of Barker and Summerson (1941), (see p. 27), seems not to have been 
used for the study of the metabolism of human spermatozoa except 
by MacLeod and Hotchkiss (1942). It has a high specificity and it 
seemed possible that, if it were combined with the Warburg method, 
valuable new information about the sperm metabolism could be 
acquired. 

Determinations of the rate of dehydrogenation for similar purposes 
have given conflicting results and it was therefore preferred not to 
use this procedure. 

As mentioned on page 14, different views have been held, as to 
whether or not the spermatozoa form a proportionate amount of 
lactic acid from the glucose they consume. It was lioped to solve 
this problem by determining the decrease in the glucose concentra- 
tion during the experiment. For various reasons the Hagedorn- 
Jensen method was adopted for the determining of the concentration 
of reducing substance (see p. 29). It was well suited to this end, since 
it was already used for clinical purposes. Several objections could 
be raised against other possible methods. The determination of glu- 
cose by yeast-fermentation would have been too tedious and its ac- 
curacy is open to doubt. The employment of orcinol for the deter- 
minations was out of the question because of the lack of the necessary 
reagents. 

The morphological properties of the sperm cells were to be analyzed 
simultaneously and it was of great interest to compare them with 
the results obtained by the biochemical methods. It was intended to 
make this comparison when the chemical data had been worked out. 



CHAPTER III. 


Methods Used in the Investigation. 

General Course of a Determination. 

The determinations of the metabolism of sperm samples were per- 
formed during the period April to December 1945. There was only 
one short interval in the work and all the determinations were made 
by the same persons and in the same manner. The samples from do- 
nors of different grades of fertility (see p. 32) were examined in paral- 
lel. It was attempted to avoid examining series deriving from only 
one group (see p. 34) during a given period. 

The sample from the donor was obtained either by coitus interrup- 
tus or manipulation. It was immediately placed in a glass receptable. 
Rubber sheaths were never used as receptacles. The glass was kept 
in an upright position and guarded from sudden changes of tempera- 
ture, but it was allowed to cool to the temperature of the room in 
which it was stored. It was delivered at the laboratory of the Caroline 
Hospital, after which a part was taken for the biochemical investi- 
gations and transmitted to Wenner-Gren’s Institute. During the 
winter the samples had to be transported in a thermos flask kept at 
room temperature. 

The sample was centrifuged for five minutes at 4 500 r. p. m. in 
an angle centrifuge. Owing to the sometimes very high viscosities 
of the samples, it became necessary to use a centrifugation speed as to 
sediment the cells of all samples. The supernatant fluid was decanted 
off and the sediment of spermatozoa was resuspended. The suspen- 
sions were made very carefully by gentle suction and bloving in 
a 1.0 ml pipette. The formation of foam and other signs of blowing 
air through the suspension were carefully avoided. The fluid used 
for the suspension was a RiKGER-bicarbonate solution (see p. 25). 
The author has tried another fluid for this purpose, the so called 
Krebs^Ringer solution (Krebs and Henseleit 1932), but this very 
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readily became turbid and no difference was found between the for- 
mation of acid metabolites in this fluid and in the more easily pre- 
pared RiNGER-bicarbonate solution. The latter has also been recom- 
mended by MacLeod (1941). 

The total volume of liquid in each flask for the Warburg deter- 
minations was 3.3 ml. Before these determinations began, however, 
samples were removed from the vessels for determinations of the 
amounts of lactic acid (0.5 ml) and reducing substance (1.0 ml). 
The total amount of liquid therefore had to be correspondingly in 
excess of 3.3 ml (viz. 3.3 + 0.5 4- 1.0 — 4.8 ml). This volume was 
made up of 1.0 ml spermatozoon suspension, 3.5 ml RiNGER-bicar- 
bonate, and 0.3 ml 480 mg per cent glucose solution. 

Where this was possible, determinations were made in duplicate. 
In such cases the suspensions had to be diluted to proportionately 
larger volumes. 

The plasma, i. e. the supernatant fluid after the centrifugation, 
was diluted if necessary with RiNGER-bicarbonate to 1.0 ml and was 
added to a Warburg flask in the same way as the suspensions. As 
the sample for the determination of the concentration of reducing 
substance in the plasma-flaslc was only 0.5 ml, the initial volume here 
was only 4.3 ml made up of 1.0 ml plasma, 3 ml RiNGER-bicarbonate, 
and 0.3 ml glucose solution. 

The study of the metabolism of the sperm plasma was undertaken 
because it proved practically .impossible to free the suspension entirely 
from the plasma unless the cells were centrifuged and resuspended so 
many times that they were damaged in their activity. The values 
obtained with such samples can be studied in Table 1 and in the graphs 
of Fig. 1. 

The plasma volume which still accompanied the spermatozoa after 
centrifugation and resuspension was not more than at most 0.2 
ml per ml suspension transferred to the Warburg flask (for discussion 
on this point see p. 56). The study of the three cases which had been 
centrifuged more than once, led to the conclusion that the centrifu- 
gations damaged the activity of the spermatozoa, as evidenced by 
the decrease in the number of motile cells, and the reduced formations 
of lactic acid and acid metabolites. The consumption of reducing 
substance, however, showed an increase after two centrifugations. 
When the figures for the percentage of motile cells before the first 
centrifugation are studied, they are seen to be lower after centrifu- 
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Table 1. 


Influence of centrifugation and resuspension on the activity of the 

spermatozoa. 


Num- 
ber of 
sperm 1 
sample 

No. of 
Centri- 
fuga- 
tions 

Total 

number 

of 

sperma- 
tozoa 
in 10 s 

Percen- 
tage of 
motile 
cells 

Number 
of motile 
cells 
in 10 8 

Lactic 
acid per 
hour in 
micromol. 

Acid 
meta- 
bolites 
per hour 
in 

micromol. 

Reducing 

substance 

consumed 

in 

micromol. 
per hour 

542 
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75 


■■ 
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0.25 


0.70 

0.23 
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0.33 
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0.07 
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Fig; 1. Effect of centrifugations on metabolism of spermatozoa. 


gation in two cases of the three, which makes it likely that the samples 
are damaged even by the first centrifugation (for further discussion 
on this point, see p. 47). 
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The Determination of the Density of the Suspension of 
Spermatozoa and the Percentage of Motile Cells According 
to Clare Harvey. 

A sample of the suspension of spermatozoa was taken from the 
Warburg flask in a 0.5 ml pipette and small drops were placed al- 
ternately on the squared surfaces of the two counting slides, each of 
which had t.wo such surfaces. One of the slides was placed for 10 se- 
conds under the lid of the box in which the slides are sold. Under this 
lid had been fixed a piece of blotting paper moistened with a drop of 
a 2 per cent solution of osmic acid. The cover-slips were then fixed 
carefully on both slides and the formation of Newton’s rings at the 
surface between the counting slides and the cover-slip could be estab- 
lished. The immotile spermatozoa were now allowed to settle to the 
bottom for five minutes after which the counting was made. At first 
the non-motile cells on the untreated slide were counted; subsequently 
the total number of immotile, osmiumtreated cells was determined. 
In each determination more than 100 cells were usually counted, half 
of them from each “side” of the slide. From these figures the concen- 
tration of the spermatozoon suspension and the percentage of motile 
cells could be calculated. The concentration of spermatozoa was 
estimated in the same way as for blood-corpuscles in blood. The 
percentage of motile cells was calculated from the figure obtained by 
subtraction of non-motile cells from the total number of cells. 

No attempt was made to describe the velocity and other properties 
of the spermatozoon movements as no means was available for re- 
cording these objectively. 

In a few samples of high density it was necessary to dilute the sus- 
pensions to make the counting of the cells possible. The dilution was 
made with an equal volume of RiNGER-bicarbonate (see p. 25) at 
37° C. 

Unfortunately the microscope was not fitted with a heated stage, so 
that motilities had to be examined at room temperature. As a pre- 
caution against a change in the motility, the time between the taking 
of the sample from the Warburg bath and the examination was re- 
duced as much as possible, usually not exceeding ten minu tes. The 
percentages of motile, cells were estimated before the Warburg 
determinations in the first samples, but the figures thus obtained were 
lower than those found after the end of the determination. As evi- 
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Table 2. 

Influence of the conditions in the Warburg determination on the 
percentage of motile cells in the suspension. 


Number 
of sample 

Percentage of motile cells : 

before Warburg 
determination 

after one half 
hour in the 
Warburg flask 

after one 
hour 

after three 
hours 

452 

10 

20 

25 

24 

403 

00 

82 

83 

80 

473 

25 

54 

50 

51 

474 

08 

80 

75 

81 


denced by the figures in Table 2, the percentage of motile cells rose 
soon after the temperature of the sample had been increased. The 
initial figure therefore did not represent the number of motile cells 
actually present in the flask during the determination. These deter- 
minations were therefore abandoned, and counts were henceforth 
made only at the end of the experiment. 

As the method of Clare Harvey is new, I have tried to ascertain 
its possible weaknesses. In the usual procedure the drops of sperm are 
placed beside the cover-slips in situ and the liquid is sucked in under 
the slip by the capillary force. In the new method, however, the 
drops are placed on the surface of the counting slide and the slips la- 
ter placed on top of the drops. Repeated determinations of the den- 
sity of a suspension which was alternately sucked in under the slip 
and placed on the bare counting slide, gave the same values. It is 
to be remembered that in the present work no determinations have 
been made on highly viscous suspensions where the viscosity might 
interfere with the results. 

Repeated control determinations of the densities of suspensions 
on both slides gave practically identical results (error of mean + 1 
per cent). In the first fourteen determinations control counts of the 
total numbers of motile and non-motile cells were made and the sum 
was compared with the total number of cells in the osmium-treated 
chamber. With only two exceptions the sums were lower than the 
total number, the mean difference being 6 per cent. The explanation 
of this seems to be the difficulty in counting the motile cells correctly. 

As a precaution against the possible retention of osmic acid on the 
osmium-treated slide, this was never used for the motile cells. 
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The variation between the' numbers of spermatozoa found in dif- 
ferent drops from the same suspension has been determined statis- 
tically In 40 cases the percentage error in the mean was ±1%, the 
range of variation extending from 84 to 110. The figure for the per- 
centage of motile cells is obtained by subtraction of one figure for the 
concentration of a group of cells from another, so that the mean er- 
ror in the motility is ±1.5 %. 

The Warburg Method for the Measurement of the Forma- 
tion of Acid Metabolites. 

The construction of the Warburg apparatus and the theoretical 
basis of the method will not be dealt with here, but-refereuce should 
be made to the excellent works already available (Dixon 1934, 
Dickens 1940, and Umbreit, Burris, and Stauffer 1945). The 
principle of the method is that the acid metabolites formed by the 
spermatozoa change the equilibrium of a buffering system of bicar- 
bonate and gaseous C0 2 . More C0 4 is formed and the manometer 
reacts and registers increased pressure. 

The suspension medium used in this work was the RiNGER-bicar- 
bonate solution recommended by MacLeod (1941). It consists of 
16 parts of 2.97 per cent NaCl, 10 parts of 1.3 per cent Na 2 CO S) 
1 part of 1.1 per cent KOI, 1 part of 0.11 M- CaCL and 32 parts of 
distilled water. The solution of Na 2 C0 3 had always been treated with 
C0 2 for at least half an hour immediately before use. The pH of the 
RiNGER-bicarbonate was checked and remained at 7.3 with small 
variations. 

In every vessel 0.3 ml of a 480 mg per cent solution of glucose was 
added to give the desired glucose concentration of about 30 mg per 
cent. The volumes of the flasks varied between 18 and 21 ml. The 
volume of the liquid was always 3.3 ml. Throughout the investi- 
gation a gas mixture of 5 per cent C0 2 and 95 per cent nitrogen was 
used. The perfusion time before the closing of the vessels was 45 
seconds.. The gas mixture was chosen according to the results of 
MacLeod (1941 and 1942). At least twenty minutes were allowed to 
pass before any readings were taken of the pressure in the flasks; 
in this time the temperatures had time to level out. Regular readings 

were then made every half hour and the determinations lasted for 
three hours. 
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This time was chosen as the result of a study of the metabolic 
rates of several samples run for longer times (see Fig. 2). 

The shortest time needed by any of these samples to show evidence 
of a logarithmically increasing formation of acid, a sign of the acti- 
city of microorganisms, was five hours. The presence of bacteria in 
sperm suspensions is usually not manifested until between the third 
and sixth hour, according to Anderson (1943). 



Fig. 2. Metabolic rate of spermatozoa. 


With the help of a thermoregulator, the temperature of the bath 
was maintained practically constant at 36.6° + 0.2° C. The manome- 
ters were rocked at a constant rate of about 120 oscillations per 
minute. After three hours the vessels were removed from the bath, 
samples were taken and the pH was determined, on some occasions 
with a Beckman potentiometer but usually with Lyphan paper. 
The pH was always the same as before the determination. 

After correction by the vessel constant, the figures for the forma- 
tion of CO, in every half-hour interval could be calculated. These 
figures never showed any increase towards the end of the determina- 
tion and only small variations for each half hour (see Fig. 19). The 
mean value for the amount of CO, liberated in one hour was then 
divided by the gas equivalent 22.4, thus giving the formation of 
acid metabolites in micromoles per hour. 

An attempt was made to estimate the range of variation of the 
values obtained with this method; to this end the twelve cases with 
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determinations in duplicate were treated statistically. Expressed in 
percentages the range extended from 94 to 117 and the error in the 
mean was + 2.3. 

The Colorimetric Determination of Lactic Acid According 
to Barker and Summerson. 

This method may be briefly described as follows: Lactic acid in 
concentrated sulphuric acid is converted into acetaldehyde. The 
latter reacts with p-hydroxydiphenyl in the presence of an optimum 
concentration of copper sulphate with the formation of a violet-blue 
colour. This can be measured in an electrophotometer. 

As suggested by Barker and Summerson (1941), standards with 
known concentrations of lactic acid were always measured at the 
same time as the samples. The standard solution was made each day 
by diluting a 0.1 molar solution of lactic acid to give the desired 
concentration of 10 pg per ml. The experimental procedure was as 
follows: 

A series of centrifuge tubes were prepared before the determinations, 
each containing 1 .0 ml of a 20 per cent CuS0 4 solution. The standards, 
four in number, contained in addition 2 to 4 ml of the standard 
solution. Water was added to make the total volume 10 ml. The 
volume taken from suspensions or plasma samples was always 
0.5 ml. When the samples had been taken, 1.0 ml of a suspension 
of 10 per cent Ca(OH) 2 was added and the tube shaken carefully. 
In the original method 1.0 g of powdered Ca(OH) 2 is used, but owing 
to the war, it was difficult to obtain this reagent chemically pure 
in sufficient amounts and it was necessary to modify the method in 
the following manner. 

Some control determinations made it evident that a special de- 
proteinizing 'process in addition to the precipitation with copper and 
calcium v r as unnecessary (see Table 3). 

The tubes with the suspension were allowed to stand for at least 
half an hour with occasional shaking. After centrifuging 1.0 ml of 
the clear, supernatant fluid was carefully pipetted off without dis- 
turbing the sediment and the pipette was wiped clean from the film 
forming on the surface of the liquid. The sample was transferred 
to a Thunberg tube and 0.5 ml of a 4 per cent solution of CuS0 4 
was added. According to Barker and Summerson wide test-tubes 
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Table 3. 


Deproteinizing effect of the precipitation with copper and calcium. 


Sample 

Amount of lactic acid in micromoles 

in untreated sample 

in the sample deproteinized with 10 
per cent trichloroacetic acid 

1 

0.30 

0.32 

2 


0.08 

3 

0.10 

0.11 

4 

0.12 

0.10 


are preferable, but in my experience closed tubes of the Thunberg 
type are better. They can be shaken more effectually and there is 
no risk of spraying sulphuric acid. 

Exactly 6.0 ml of sulphuric acid is added. The sample is not 
allowed to boil during the addition. This can be avoided if the tube 
is shaken vigorously. The tube is then heated for five minutes in a 
boiling water bath. After cooling to below 18° C., 0.1 ml of 1.5 per 
cent p-hydroxydiphenyl in a 2 per cent NaOH solution is added. 
Appropriate amounts of the reagent had been weighed and dissolved 
in the alkali, but the solution was rather unstable and crystallized 
easily, so that it had to be handled carefully. Only small amounts 
of the solution were prepared and they were discarded at the first 
sign of increased turbidity. 

The diphenyl was precipitated and the tube had to be shaken care- 
fully in order to distribute the precipitate evenly. The tube was then 
placed in a water bath at 30° C. for at least half an hour. It is good 
practice to give the tube an occasional shake during this time. 

The tube is then heated for 90 seconds in a boiling water-bath, 
the precipitate is dissolved and the liquid becomes clear. The tube 
is cooled to room temperature and the colour-intensity is determined 
in an electrophotometer with a filter of peak-transmission 5 600 A. 
The concentration of lactic acid is very readily deduced from the 
extinctions of the standards of the samples, as the extinction curve 
in this concentration range follows the law of Lajibert-Beer. The 
total amount of lactic acid in the Warburg flask expressed in micro- 
moles is calculated from the value of the sample. 

There are some very important sources of error in this method. 
The first and most important of these has already been mentioned. 
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It is necessary that the reagents used in. the process are pure. Accord- 
ing to the very limited experience of the present author the most 
common impurities occur in the Ca(OH) 2 and sulphuric acid. A com- 
mon error is caused by contamination from the person who is hand- 
ling the tubes, pipetting the fluids and so on. Chemical “sterility” 
must he rigidly maintained. Another mistake is failure to cool the 
samples sufficiently. The results of this can be easily observed by 
a worker accustomed to the normal colour reaction. Under usual 
conditions the colour of the solution, when it has been placed in the 
water-bath at 30° C., is purely blue and some precipitate still remains 
undissolved. If the temperature has been top high the colour is 
violet and the fluid clear. One of the substances interfering with 
such determinations is acetaldehyde. A modified diffusion technique 
for the determination of acetaldehyde (Orstrom 1945) was used to 
confirm that no acetaldehyde was present in the sperm sample and 
that none was formed by either the spermatozoa or their plasma. 

During the whole course of the work an automatic pipette was 
used for H 2 S0 4 , and Ltnderstrom-Lang pipettes (Linderstrom- 
Lang and Holter 1941) for the p-hydroxidiphenyl and 4 per cent 
CuS0 4 solutions. 

The total number of determinations made in duplicate by this 
method was 11. If the results were treated statistically and the 
variation expressed as a percentage, the range of variation extended 
from 92 to 111 and the error in the mean was 4- 2. 


The Determination of Reducing Substance According 
to Hagedorn- Jensen. 

A modification of this method described by F. Rappaport (1932) 
was adopted. The principle of this is that the reduction of K 3 Fe(Cn) 6 
takes place in the presence of a phosphate buffer, which makes the 
determinations, especially of high concentrations of reducing sub- 
stance, more reliable. 

It very soon became evident that the concentration of glucose 
used by other workers, and also by the present author in his pre- 
liminary work, was too high to permit sufficient accuracy in the 
determinations. The quotient between the amount of glucose con- 
sumed by the spermatozoa and the total amount of glucose in the 
solution was so low that the determinations became very inaccurate 
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Table 4. 


Effect of reducing the concentration of glucose in the suspension of 

spermatozoa. 


Number of 
sample 

200 mg per cent 

30 mg per cent 

Acid metabo- 
lites in 
micromoles 
per hour 

Percentage 
of motile 
cells 

Acid metabo- 
lites in 
micromoles 
per hour 

Percentage 
of motile 
cells 

409 

BlilPlsB 

65 

0.20 

70 

418 

■ 1 

65 


60 

420 

0.10 

50 

■9 

54 

426 

0.32 

85 

0.35 

90 


This difficulty was evaded by decreasing the total amount of glucose 
in the solution. In this way the value of the quotient was increased 
and the volume of the samples taken could be augmented. As evi- 
denced by the figures in Table 4, there was no evidence of any change 
in the metabolism of the spermatozoa. For this reason a 30 mg per 
cent solution of glucose could be employed instead of the former 
200 mg per cent. After the determinations the concentration of 
reducing substance was never so low that all glucose could be con- 
sidered to have been consumed by the spermatozoa. In the sample 
with the highest consumption of reducing substance, viz. 0.93 micro- 
moles per hour, the consumption amounted to half the glucose added 
to the solution. According to MacLeod (cf. Anderson 1943, p. 78) 
the effective concentration of utilizable sugar lies between 20 and 
200 mg per cent. 

The concentration expressed in mg per cent of glucose could be 
calculated from tables in the paper already referred to. These figures 
were recalculated to express the concentration in micromoles in the 
total contents of the Warburg flask. 

Sixteen determinations in duplicate had been made with this 
method. If they were treated statistically and one figure was ex- 
pressed as a percentage of the other, a very wide range of variation 
was found. Ten of the determinations gave a value of more then 
0.15 micromoles. In these figures the range of variation extended 
from 61 to 126 and the mean error was ± 7. The six other deter- 
minations showed values of less than 0.15 micromoles and were 
therefore more uncertain. The range of variation was 46 to 200 and 















METABOLISM AND STERILITY OF HUMAN SPERMATOZOA di 

the error in the mean was 22. The source of the inaccuracy in the 
determinations must have been the presence of relatively large 
amounts of reducing substance of a nature different from glucose. 

Statistical Methods. 

A statistical working up of the material is especially valuable, 
when the biological variation is considerable as in the present material. 
The standard deviation was calculated from the formula: 



where a = the deviations of the individual values, and n = the 
number of determinations made. 

In some cases it has been important to compare two mean values, 
and here “Student’s” t-test, as described by Fisher (1941) has been 
employed. The value of t observed in these calculations was com- 
pared with that in the tables of Fisher’s work, and the difference 
obtained was indicated as significant and statistically verified when 
P was found g 0.01, and as probable for a value 0.05. 

The correlation between different series of observations has also 
been measured and similar rules for measuring the strength of the 
correlation have been observed. The correlation has been considered 
as strong when the value of P in the tables of Fisher’s work was 
S 0.01 and as probable for a value g 0.05. The relations between 
the different entities of both series were expressed in regression equa- 
tions (y = n 0 + a x x). 



CHAPTER IY. 


Material. 

The sperm samples in this work can be subdivided into two groups. 
The first of these came from voluntaty donors of good fertility, who 
had their sperm samples examined for scientific purposes; the second 
came from men who sought medical aid for marital sterility and were 
advised by various physicians to have their sperm examined at the 
special laboratory for this purpose at the Caroline Hospital. 

The first group consisted of 27 samples from the same number 
of donors. Great difficulty was found in obtaining even this rela- 
tively small number of samples; it was impossible to acquire samples 
more than once from any donor. It was thus impracticable to make 
control determinations of the metabolic rate of a given sperm at 
different times. 

The 27 donors had all given proof of their fertility by having 
children during the last year, the only exceptions being 2 cases, in 
which the time was two years. Seven had more than one child and 
ten had pregnant wives. They had all been healthy during the last 
year, and had no high fever during this time. Their ages can be 
studied in the graph of Fig. 3, and the intervals in days between the 
ejaculations giving the samples and those preceding are given in 
Fig. 4. The sample was obtained either by manipulation or coitus 
interruplus, the former method being used in 15 cases and the other 
in the remaining 12. The time between the ejaculations and the 
examinations were noted and can be studied in Fig. 5. 

It is probable that, even from this group of donors, pathological 
sperm samples were sometimes obtained, and this must be remem- 
bered when the properties of the samples are discussed. 

The second group from 72 more or less pathological donors con- 
sists of 77 samples. The ages of the donors are given in Fig. 3, the 
intervals in days since the last ejaculations in Fig. 4, and the times 
in hours between the ejaculations and the examination of the samples 
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in Fig. 5. 16 samples were obtained by manipulation, 61 by coitus 
interrupts. 

From the viewpoint of sterility the second group is very hetero- 
geneous. As mentioned before, sterility depends on the breakdown 
of the physiological intercourse between two individuals, either of 
whom may be totally responsible for the failure. Almost all of these 
patients and their partners had been examined by the usual routine 
methods for the elucidation of sterility; in some cases pathological 
conditions had been found which gave ample cause for marital steri- 
lity. In cases where, for instance, radiograms had shown total obtur- 
ation of both tubes in the female, and the male partner gave no 
signs of any pathological condition in his case-history or at the 
examination, it was considered less likely that the sperm samples 
from the male would be pathological. 

In this way the group was divided into two sub-groups, one com- 
prising 11 probably fertile patients, whose partners had pathological 
conditions causing sterility, and the other comprising the majority 
of cases, where it was impossible to draw conclusions from the clinical 
background of the samples. 

The samples were placed in the former group when the men from 
whom they had been obtained were physically normal, their partners 
having one or more of the following pathological conditions: radio- 
logically verified obturation or extensive adhesions of both tubes, 
chronic cervicitis, salpingo-oophoritis, or ovarial insufficiency as evid- 
enced by microscopical examination of the uterine mucous membrane. 

Unfortunately the examination of the sterile couples had been 
done by several different physicians and their methods had varied 
a great deal; excessive emphasis must therefore not be placed on the 
grouping. It is probable that many samples in the group obtained 
from men of uncertain clinical background were quite normal. Ross 
et al. (1941) in their investigation divided the donors into three 
groups: 1.) fertile, 2.) probably fertile, and 3.) probably sterile. 
Owing to the uncertainty in the clinical investigation in the present 
cases, the author has not been so definite in his opinions regarding 
the clinical characteristics of the groups. The samples were conside- 
red to be obtained from three categories of men: 

I. probably fertile (voluntary) donors, 

II. probably fertile patients with presumably sterile partners, and 

III. patients of uncertain clinical background. 



CHAPTER V. 


Investigations Concerning the Suspension of Sper- 
matozoa. 

The Concentration of Spermatozoa in the Warburg Flasks. 

The concentrations of spermatozoa in the Warburg flasks were 
determined according to the method of Clare Harvey (see p. 23). 
The results of the determinations are reproduced in Fig. 6. 

The concentration of spermatozoa in the flasks is conditioned by 
the original concentration of spermatozoa in the sample and the 
resuspension after the centrifugation. The values therefore have 
only a limited clinical interest but they have been cited so that they 
may be available for discussion in conjunction with the values ob- 
tained in the metabolic determinations. 

Pathological conditions in the male genital organs often cause a 
reduction in the concentration of spermatozoa in the sample. When 
the various groups of samples are compared in Fig. 6, an obvious 
difference can be observed between groups II and III. None of the 
samples from group II has a concentration less than 0.50, expressed, 
as elsewhere in this work in Units of 10 8 cells. In group III 65 per 
cent of the samples have this low concentration. Group I has inter- 
mediate figures. As stated above, the concentration of the cells in 
the Warburg flasks is not solely dependent on the concentration 
of the original sample, but it is probable that this difference between 
the groups results chiefly from the original concentration in the 
sample. 

The Determinations of the Percentage of Motile Sperma- 
tozoa. 

The percentage of motile spermatozoa was determined according 
to the method of Clare Harvey (see p. 23). The results of the 
determinations are recorded in Fig. 7. 
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Fig. 6. Number of spermatozoa in 
Warburg flask. 
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Fig. 7. Percentage of motile spermato- 
zoa after the Warburg determination. 


In these diagrams a difference can be found between the groups. 
Groups I and II are similar with a high percentage of motile cells, 
no samples having a percentage lower than 35. The samples from 
group III are more evenly distributed over the values from 0 to 
100 per cent and no less than 21 of the 66 samples of this group 
have below 35 per cent motile cells. The mean values for the per- 
centages -of motile spermatozoa in the groups are: 

1 71.7 Hr 3.4 per cent 

II 78.4 ±4 „ „ 

III 52.8 ±4 „ „ 

A statistically significant difference between the mean values of 
group III on the one hand and group I and II on the other can be 
demonstrated (see Table 5). 
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Tabic 5. 

Comparison between the percentages of motile cells before and after 
the Warburg determinations. 


Differences between the mean values of tho groups 


| Mean values 1 

j of 

group { 

I 

II 

III 

51.3 

53.0 

42 J 

71.7 

78M 

52.8 | 


I— HI 


n — hi 


Ml — Mu n t I 1 jAfji — Afut n l 


0.3 03 2.10 <0.0r,l 11 77 1.70 <0.10 


.Vi, Mu and Min are tho mean values of tho groups, n— tlio number of 
determinations made, and t and P have the usual significance, as employed 
in Fisher's work. 

It is interesting that the heterogeneity of group III, already re- 
ferred to in the discussion of page 34, is displayed here in the analysis 
of the motility of the spermatozoa from this group. It must be con- 
cluded from these determinations that the sperm samples with the 
highest figures for the percentage of motile cells, and thus resembling 
those from groups I and II, were obtained from the men in this 
group who had a higher fertility than the others. Conversely, we 
must suspect the donors of samples with low percentages of motile 
cells to be sterile. 

Determinations of the motility of spermatozoa for clinical purposes 
have usually been made immediately after the delivery and lique- 
faction of the sperm sample at the laboratory, by the methods 
referred to on p. 18. The results of the determinations and their 
value for the appraisal of the sperm sample have been valued differ- 
ently (see p. 12). Determinations of “longevity” (see p. 12) seem to 
have been more highly valued. Both these methods of studying the 
spermatozoon motility differ from that used in the present work. 

In this investigation the determination of the percentage of motile 
cells was made after centrifugation and resuspension and after the 
Warburg determination. The spermatozoa had been moving at body 
temperature, separated from their own plasma in a buffer solution 

of pH 7.3, for at least three hours before the examination was per- 
formed. 1 

It has been demonstrated by Muschat (1926) that the activity 
of the spermatozoa is highly influenced by the pH of the solution 







Number of samples Number of samples 
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in which they have been placed. It has also been shown, e. g. by 
Killian (1933), that the pH of a sperm sample shows variations if 
it is unprotected from evaporation (see p. 11). Determinations of the 

pH in unprotected sperm samples have 
also given higher figures than in pro- 
tected samples. It is therefore prob- 
able that determinations of the sperm- 
cell motility in samples of unphysio- 
logical pH, have given too low figures. 

The writer has had the opportunity 
of studying the figures obtained in 
motility determinations when the 
samples were received at the labor- 
atory of the Caroline Hospital and 
examined with the methods mentioned 
on page 18. Here the existence of 
differences between the motilities of 
the groups could already be suspected, 
as will be clear from Figs. 7 and 8, 
and in Table 5. It was impossible, 
however, to verify this statistically. 
In contrast with the results obtained 
after the Warburg determinations, 
the figures for the different groups 
are too similar. Furthermore, when 
the motilities of the samples of group 
III are studied, the heterogeneity of this group is not displayed. 

It is not clear how the special circumstances of the present deter- 
minations have brought about this distinction between the clinical 
groups. Two causes are conceivable. Firstly, the method may have 
provided the spermatozoa with more physiological and identical sur- 
roundings than has hitherto been achieved. Secondly, the procedure 
may be considered as constituting a test for the “staying power” 
of the spermatozoa, viz. their longevity. It must be remembered 
that the cells had been stored for three hours at body temperature, 
which would have increased their metabolic rate appreciably above 
the low value at room temperature. The damaging effect of centri- 
fugation and resuspension, as mentioned on p. 22, must also be con- 
sidered. 
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Fig. 8. Percontago of motile sper- 
matozoa before the 'VVarbukq 
determination. 
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It seems most likely that the qualitative difference between the 
clinical groups fourfd in the determinations can best be explained 
by a combination of these different factors. Special emphasis should 
perhaps be laid on the fact that the spermatozoa had been placed 
in more identical and physiological surroundings than have previ- 
ously been realized in similar determinations of spermatozoon moti- 
lity for clinical purposes. 

It has been stated, for example by Huffman (1941), that there 
is a correlation between the amount of spermatozoa in a sample and 
their degree of motility, a high concentration usually being associated 
with good motility and vice versa. As these two properties of the 
suspensions had been measured, it was of interest to establish whether 
any support for this conception could be had. On a statistical ana- 
lysis of the figures for the spermatozoa concentrations and motilities, 
no correlation was found in groups I and II, but in group III a 
statistically significant correlation could be calculated \r = 0.51, 
P < 0.01). The absence af any correlation between these two factors 
in groups I and II can probably be explained by the absence of any 
samples with low motility figures in these groups. On the other hand, 
the correlation in group III supports the view that the determination 
of both factors is of value for the evaluation of the properties of a 
sample. The existence of such a correlation could also be suspected, 
the two factors having been found to display typical variations in 
samples from men of different fertilities. 

The Formation of Lactic Acid. 

The formation of lactic acid was determined according to the 
method of Barker and Summerson (1941, see p. 27). The result 
can be studied in Figs. 9 and 10, where the formation of lactic acid 
in micromoles per hour is plotted as a function of the number of 
spermatozoa present in the suspension. 

It has been assumed by Ross, Miller, and Kurzrock (1941) that 
the formation of lactic acid in a suspension of spermatozoa is pro- 
portional to their number. An attempt has been made to prove this 
assumption statistically on the basis of the data given in Figs. 9 
and 10. A significant coefficient of correlation was found in groups 
I and II: r = 0.85, P < 0.01, and in group III: r = 0.58, P < 0.01. 
In these calculations the values for concentrations of spermatozoa 
above 1.1 have been omitted, since these were comparatively few 
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Fig. 9. Formation of lactic acid, Group I and II. 



Fig. 10. Formation of lactic acid, Group. III. 


and therefore statistically more unreliable. The regression lines have 
been indicated in the figures: 

group I and II: y = 0.52 x + 0.14 
III : y — 0.53 x -f 0.08, 

where x = the concentration of sperm cells in 10 s , and 

y — the formation of lactic acid in micromoles per hour. 
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During the determinations, the impression was obtained that the 
degree of motility, was correlated with tbe formation of lactic acid 
by the cells. This correlation has also been assumed by Boss et al. 
(1941). Samples of high motility seemed to have a higher metabolic 
rate than those with a low percentage of motile cells. An oppor- 
tunity now presented itself of .proving this assumption. If it were 
correct, it would imply that the samples with relatively high figures 
for their formation of lactic acid would have correspondingly higher 
percentages of motile spermatozoa and vice versa. The mean value 
for the percentage of motile cells was therefore calculated for the 
group of samples above the regression line mentioned above (see 
Figs. 9 and 10) and compared with the corresponding value for the 
group below the line. The first group had formed relatively more 
and the second group relatively less lactic acid than the average. No 
correlation could, however, be found between the motility and the 
formation of lactic acid in groups I and II, although in* group III 
a statistically verified difference could be established. Here the mean 
value for the percentage of motile cells above the line of regression 
was 59.1 and below the line 38.9 (f — 2.89, P < 0.01). The lack of 
correlation in groups I and II was probably due to the fact that 
the motility in these groups displayed so little variation. 

In view of the correlation of the motility of the spermatozoa with 
their lactic acid formation a comparison was made of the concentra- 
tion of motile cells with the amount of lactic acid formed by the 
suspension. The graphs thus acquired are reproduced in Figs. 11 
and 12. 

The correlation coefficients for the values in these graphs are 0.45 
for groups I and II and 0.65 for group III. Both are statistically 
significant. The regression lines have been indicated in the graphs: 

group I and II: y = 0.68 x + 0.21, and 
III : y = 0.62 x + 0.13, 

where x and y have the same meanings as on p. 40. 

Attention was then paid to the possible differences between the 
rates of formation of lactic acid by samples for the various clinical 
groups. The values for the samples in the graphs were now studied 
with the purpose of finding any difference between the groups (Figs. 
9, 10, 11, and 12). It is evident from both these pairs of graphs 
that the regression lines from groups I and II indicate a relatively 




Fig. 12. Formation of lactic acid in comparison with the number of motilo 
spermatozoa. Group III. 


more active formation of lactic acid. When attempts have been made 
to establish the difference statistically, however, this has been found 
impossible because of the great variation and small number of the 
values in each group. In Fig. 13 the mean values have been calcu- 
lated for the formation of lactic acid inside relatively broad ranges 





METABOLISM AND STERILITY OF 


HUMAN SPERMATOZOA 43 



Fig. 13. Comparison between formations of lactic acid 
in different clinical groups. 

of concentration in order to include as many samples as possible. 
Even this method has been unsuccessful in establishing any certain 
difference between the groups. 

As mentioned on pp. 41 and 36, it has already been demonstrated 
that samples with a high motility usually have a relatively active 
formation of lactic acid and it has also been established that groups 
I and II have a higher figure for the mean percentage of motile cells. 
It was therefore probable that samples from groups I and II would 
have a more active formation of lactic acid than those from group III. 

Such a tendency has been demonstrated, but the reason for the 
failure to establish a significant difference between the groups is 
not clear. It is probable that the methodical error is relatively greater 
m the more intricate determinations of the lactic acid formation than 
in the determinations of the density and motility of the suspensions 
of spermatozoa. It is possible that this accounts for the lack of 
success in confirming statistically the difference in the rates of lactic 
acid formation by samples from men of different grades of fertility. 

The Formation of Acid Metabolites. 

The formation of acid metabolites was measured according to the 
method of Warburg (see p. 25) and the resulting data are repro- 
duced in Figs. 14 and 15. 

The arrangement of the values in the figures resembles that in 
Figs. 9 and 10 where the formation of lactic acid was recorded. If 
the correlation is determined between the concentration of spermato- 
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Fig. 14. Formation of acid metabolites, Group I and II. 



Fig. 15. Formation of acid metabolites, Group III. 


zoa and the formation of acid metabolites the following values are 
obtained: 

groups I and II: r = 0.39, P < 0.05 and y = 0.30 x + 0.26, 
group III : r = 0.59, P < 0.01 and y — 0.44 x + 0.12, 

where x and y have the same meaning as on p. 40. It will be seen 
from these figures that only a probable correlation exists between 
the density of the suspensions of spermatozoa and their formation 
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of acid metabolites in groups I and II, while the correlation is signi- 
ficant in group III. 

It has been impossible here, in contrast with the case in the pre- 
vious chapter, to find a significant correlation between the per- 
centage of motile cells and 

the rate of formation of the f] Group I+2L 

metabolites. For the values 
of group III, however, such a 
correlation is probable. The 
calculation has been per- 
formed in the same manner 
ns on p. 41 (the mean value 
for flic percentage of motility 
above the regression line was 
58.8, below 41.6, P<0.05). 

A comparison of the mean 
values for the rate of forma- 
tion of acid metabolites be- 
tween the clinical groups 
shows that no certain differ- 
ence can be established. The 
values inside each concentra- 
tion rauge are so dispersed 
that no significant differences 
can be found. 

The values for the quotient 
between ncid metabolites and 
lactic arid formed by the 
spermatozoa in groups I and 
11 and group III arc given 
in Fig. }f>. It is evident that 
they show a wide variation, no significant difference appearing in 
this respect between the groups. The mean value for nil quotients 
S c 1.36 + 0.17, which inahes it. evident that more acid metabolites 
than lactic acid arc usually formed by the suspensions. The error 
in the mean to be expected from n combination of the correspond- 
mg errors in the two methods is only 0.0} t viz. Jess than 25 per 
cent of the vnlu<- actually found. 

The variation between the values obtained with the two methods 
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has been so great that the Warburg method must be considered 
unsuitable for this special purpose. It must be remembered that 
this method only measures the formation of acid metabolites, in 
contrast with that of Barker and Summerson which measures spe- 
cifically the formation of lactic acid. 


The Consumption of Reducing Substance. 

The consumption of reducing substance by the spermatozoa was 
measured according to the method of Hagedorn-Jensen (see p. 29). 
The resulting values can be studied in Bigs. 17 and 18. 

In these graphs it is not fully evident that the consumption of 
reducing substance (glucose) by the suspension of spermatozoa is 
proportional to the number of cells present. When the diagrams are 
treated statistically, the following values were obtained: 

for groups I and II: r — 0.23, P < 0.10, 

group III : r = 0.44, P < 0.01, y — 0.26 x + 0.05, 

where x and y have meanings as on pp. 40 and 41. These figures 
show a probable lack of correlation in groups I and II, while in 
group III the correlation is significant. 

In many samples, especially those with low sperm-cell con- 
centrations, there was more reducing substance after the Warburg 



Fig. 17. Consumption of reducing substance. Group I and II. 
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Fig. 18. Consumption of reducing substance, Group III. 


determinations than before. This seems to indicate that reducing 
substance is formed during the determination and that this process 
is only partially counterbalanced by the consumption of reducing 
substance by the sperm-cells. 

It has not been possible to find a higher consumption of reducing 
substance in the samples with high percentages of motility, which 
constitutes evidence against the statement by Bernstein and Slo- 
vohotov (1933) that the activity of the spermatozoa is highest when 
the curve of glucose-splitting is steepest. The present result is, how- 
ever, the most likely in the circumstances, when the figures for the 
effect of repeated centrifugations are taken into account (see p. 22). 
In these experiments the consumption of reducing substance by the 
spermatozoa proved to be independent of the degree of motility. 

The mean values for the samples of the clinical groups have been 
calculated in the same way as for lactic acid and acid metabolites. 
No significant .differences could be found between the groups. 



CHAPTER VI. 


The Metabolism of the Plasma Samples. 

The metabolism of the sperm plasma was studied in conjunction 
with that of the spermatozoa, as it proved practically impossible to 
separate the spermatozoa from the plasma without damaging the 
former in the process. A small amount of plasma, estimated to be 
about 0.2 ml or less, was therefore allowed to accompany the sper- 
matozoa after the centrifugation and decantation and to mix with 
the new suspension fluid. It was impossible to determine whether 
this plasma had a metabolism which would materially interfere with 
the determinations on the spermatozoa. It was therefore decided to 
make determinations of the plasma metabolism by the same methods 
as were used for the spermatozoa. 

Formation of Lactic Acid by Sperm Plasma. 

The formation of lactic acid by the sperm plasma proved, with 
a few exceptions, so small that the interference with the values for 
the sperm-cell metabolism must have been of little significance. The 
mean formation of lactic acid per ml plasma and hour was the same 
for groups I and II and group III, viz. 0.08 + 0.03 with a range of 
variation from — 0.20 to + 0.40 micromoles lactic acid. In about 
half of the cases the amount of lactic acid increased during the period 
of examination; in about a third it decreased and the remaining cases 
showed no change in the concentration. No difference could be found 
in the amounts consumed or produced by the samples from the 
various clinical groups. When this fact was established the determi- 
nations were abandoned. 

Formation of Acid Metabolites by Sperm Plasma. 

The formation of acid metabolites was somewhat greater than that 
of lactic ^cid, but here also the possible disturbance in the values 
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Tabic 6. 


Retention of C0 2 in plasma samples. 



Mean valuo for 

Moan valuo for 

Percentage of 


tho formation of 

tho formation of 

samples in this 

Clinical group 

acid metabolites 

lactic acid por 

clinical group 


per ml and hour 

ml and hour in 

with retention 


in micromoles 

micromoles 

of CO, 

I + II 

0.2310.02 

0.08 + 0.04 

45 

Ill 

0.2510.01 

0.08 + 0.02 

35 


for the sperm metabolism was unimportant. The mean values for 
the formation of acid metabolites per ml plasma and hour was for 
groups I and II: 0.23 + 0.02, and for group III: 0.25 + 0.01. When 
the formation of acid metabolites was compared with that of lactic 
acid from the same sample, a slight difference was observed between 
the clinical groups. Groups I and II had relatively more samples 
showing a “retention of acid” by having lower figures for the acid 
metabolites than for the lactic acid. The results are shown in Table 6. 


For a more detailed study of the 
difference between the formations 
of acid metabolites by the plasma 
and the spermatozoa, another fact 
must be mentioned. The formation 
of acid proceeded at a constant 
rate throughout the determina- 
tion on the spermatozoa, but the 
Warburg values for the plasma 
often showed a decrease towards 
the end of a run. The difference 
■will be seen on a study of Fig. 19. 

This change in the metabolic rate 
of the plasma seems to indicate 
that a metabolic process of a nature 
different from that in the sper- 
matozoa proceeds in the plasma. 
The course of the metabolic rate 
does not resemble that of micro- 
organisms in the plasma. If bacteria 

4—40150 A. 1 Vestgren 



and plasma. 
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had been metabolically active, a logarithmically increasing forma- 
tion of acid would have occurred (see Fig. 2). 

Changes in the Concentration of Reducing Substance in 

the Plasma. 

The consumption or formation of reducing substance in the plasma 
during the determinations varied without any apparent rule. The 
majority of the samples, 75 per cent of groups I and II and 6f per 
cent of group III, showed more reducing substance after the de- 
termination than before. No clinical differentiation has been found 
in the metabolic properties of the samples, as shown by the following 
figures. The mean changes in the concentration of reducing sub- 
stance in the plasma samples were for groups I and II: +0.13 + 0.03 
micromoles per ml and hour and for group III: + 0.12 + 0.03. 

At the time of these determinations the author was not aware of 
the work by Goldblatt (1935) which had established the presence 
of diastase in human semen. This increase in the concentration of 
reducing substance in the plasma could therefore not be attributed 
to the action of any known enzyme in this fluid except hyaluronidase. 
It was suspected that hyaluronidase was responsible, since one of 
the methods for measuring hyaluronidase activity involves the de- 
termination of the increase in the reducing substance in the sub- 
strate. Hyaluronidase has been detected in sperm plasma, e. g. by 
Chain and Duthie (1910). The presence of a diastatic enzyme in 
the plasma was to be suspected from the fact that these are rather 
common in the fluids of the body. In an attempt to prove the activ- 
ity of such an enzyme during the determinations, the following ex- 
periments were undertaken. 

As a standard of the production of reducing substance a part was 
employed of a sample that had been treated in exactly the same way 
as the plasma samples in the series of clinical determinations. The 
concentrations of reducing substance before and after the three-hour 
Warburg run were estimated as usual and the difference between 
the two was used as the standard. It was compared with the for- 
mation of reducing substance in samples to which had been added 
substrate in the form of hyaluronic acid, starch or glycogen. The 
concentration of these substrates was kept at 0.3 per cent in the solu- 
tion in the Warburg flask. The resulting values are given in Table 7 
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Table 7. 

Enzymic activity in plasma. 


Number 
of samplo 

Plasma 
volumo 
in ml 

Reducing substnneo in 

micromoles formed in 

standard 

hyaluronic 

acid 

starch 

glycogen 

890 

0.7 

0.67 

1.88 

>10 

1.11 

901 

0.5 

0.17 

0.55 

1.11 

0.27 

900 

0.33 

0.05 

2.00 

1.90 

1.83 

909 

0.19 

0.94 

1.30 

16.2 

2.15 

915 

0.5 

0.28 

0.45 

9.0 

3.9 

j 925 

0.2 

0.50 

1.08 

1.02 

1.39 

934 

0.2 

1.22 

1.50 

2.20 

2.32 


The presence of hyaluronidase and diastase was proved in six 
cases out of seven. The starch-splitting enzyme was also active in 
the splitting of the glycogen. It was interesting that the single case 
showing no hyaluronidase was also without diastase. The pH of the 
solution in which these reactions had taken place was 7.3, a value 
permitting full activity for diastatic enzymes. The starch-splitting 
enzyme of Goldblatt (see p. 10) had been active at 6.6 and 5.8 but 
not at 8.0. Curiously enough its activity was not studied at the 
normal pH of human sperm samples. 

When these enzymes had been detected, it was of interest to find 
if their substrates also occurred in the plasma samples. The presence 
of hyaluronic acid was difficult to prove without special apparatus 
for this purpose and it was therefore decided not to study this 
question. Six samples were, however, analyzed for glycogen. The 
amount of glycogen was determined according to the method of 
Sjogren et al. (1938) and it was found in all six samples in concentra- 
tions ranging from 1 to 4 mg per ml plasma; at least 5.6 micromoles 
glucose per ml could have been formed from these amounts. 

A possible explanation of the phenomenon had thus been found 
As far as the author is aware, the presence of glycogen in human semen 
has not previously been demonstrated. The problem of measuring 
the glucose metabolism of the sperm sample becomes even more 
intricate when the possible presence of glycogen and diastase must 
be recognized. The importance of glycogen as a possible source of 
energy for the spermatozoa has been stressed by Karassik (1927) 
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CHAPTER VII. 


The Concentration of Reducing Substance in the 
Original Sperm Sample. 

The concentration of reducing substance in the sperm sample on 
delivery was determined simultaneously with the other determina- 
tions, since it was possible that this value might have some influence 
6r 
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Fig. 20. Concentration of reducing sub- 
stance in sperm sample. 


on the metabolic properties 
of the sample. The resulting 
data are given in Fig. 20. 

It is evident that all groups 
have very similar values. The 
range of variation is some- 
what wider for group III, but 
this can be explained by the 
greater number of samples in 
this group. The mean value 
for groups I and II is 390 + 15 
mg per cent and for group III 
415 + 62 mg per cent. It is 
obvious that no significant 
difference exists between the 
values for the clinical groups. 
The figures are higher than 
those reported by Huggins 
et a 1. (1942) and Goldblatt 
(1935), 295 and 250 mg per 
cent respectively, but agree 
well with those obtained by 
Boss et al. (1941), 399 + 97 
mg per cent for samples from 
fertile and probably fertile 
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men. The last-named authors found a higher figure (difference non- 
significant) for the samples from probably sterile men (508 + 159 mg 
per cent) but no corroboration has been provided for this finding 
by the present material. 

Similar values have been obtained from four samples showing 
azoospermia (absence of spermatozoa). This conflicts with the state- 
ment by MacLeod and Hotchkiss (1942) that samples with azoo- 
spermia have higher figures than the average sample. 

Attempts have proved unsuccessful to find correlation between 
the metabolism of the sperm plasma and the concentration of re- 
ducing substance in the sperm. 



Number of samples 


CHAPTER VIII. 


The Concentration of Lactic Acid in the Original 

Sperm Sample. 
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The relatively low values for the lactic acid concentrations in the 
four cases of azoospermia agree with the similar findings by MacLeod 
and Hotchkiss (1942). 

An attempt was made to find signs of a correlation between the 
lactic acid concentration in the sperm sample and the concentration 
of spermatozoa, both motile and total. In contrast to the result of 
Bernstein and Slovohotov (1933), however, no such correlation 
could be shown. Neither is there any correlation to be found with 
the formation of lactic acid and consumption of reducing substance 
by the sperm plasma, nor with the concentration of reducing sub- 
stance in the sperm sample. 



CHAPTER IX. 


Influence of the Plasma Metabolism on that of the 

Spermatozoa. 


Since small amounts of plasma, as mentioned on p. 21, were per- 
mitted to accompany the spermatozoa after the incomplete separa- 
tion in the centrifugation and resuspension, it was of interest to in- 
vestigate the possibility of correlations between the metabolic pro- 
cesses of the plasma and of the spermatozoa. If such a correlation 
were found, it would probably imply that the plasma metabolism 
disturbed the values for the sperm-cell metabolism. A statistical 
treatment was therefore made of the values for the formations of 
lactic acid and acid metabolites and the consumption of reducing 
substance by the spermatozoa, together with the corresponding 
values for the plasma. Before these figures were compared, each was 
referred to 1 x 10 s cells or 1.0 ml plasma. 

No correlation was found between the formations of lactic acid or 
acid metabolites. A correlation was, however, suspected in groups 
I and II for the changes in the concentration of reducing substance. 
This was found to be statistically probable and almost significant 
for the values of group III (r = — 0.30, P < 0.02). This suggests 
that high figures for the formation of reducing substance in the 
plasma correspond to low values for the measured consumption of 
reducing substance by the spermatozoa of the same sample. The 
probable explanation of this would appear to be that the small 
imount of plasma accompanying the spermatozoa, with its relatively 
ictive formation of reducing substance, compensates the loss of 
educing substance caused by the spermatozoa. The actual con- 
umption of reducing substance by the cells is therefore partly con- 
caled by the plasma. When the plasma also consumes reducing 
ubst-ance, i. e. has a negative value for the formation, the loss of 
educing substance is correspondingly greater. 
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Table 8. 


Interference between tbe metabolic processes of plasma and 
spermatozoa. 


Number of sample 

Changes in the. con- 
centration of reducing 
substance in the plasma 
in micromoles per 
hour and ml 

Value obtained for 
the consumption of 
reducing substance by 
10® cells from the same 
sample 

607 

+ 0.87 

0.03 

Mean value for all samp- 



les of group III 

+ 0.13 

0.22 

612 

- 0.78 

1.45 


The figures in the appended Table 8 may be studied as examples 
of this interference between the metabolic processes of plasma and 
spermatozoa. 









CHAPTER X. 


The Quotient of the Lactic Acid Formed and Glucose 
Consumed by the Spermatozoa. 

One object of tbe investigation has been to find the quotient of 
the amounts of lactic acid formed and glucose consumed by the 
spermatozoa, since conflicting opinions have been held in this matter, 
as has been discussed on p. 14. 

Several factors have, however, combined against the success of 
this determination. The most important was the disturbing effect 
of the plasma metabolism on the measurements of the consumption 
of reducing substance by the spermatozoa, as mentioned in the 
preceding chapter. Another factor was the inaccuracy of the method 
used for measuring the concentration of glucose. In order to circum- 
vent these difficulties as far as possible, samples have been chosen 
with the smallest figures for the turnover of reducing substance by 
the plasma. Of these have been taken only those which showed 
consumptions of at least 0.15 micromoles reducing substance. As 
limits for the plasma metabolism have been selected g + 0.05 and 
S — 0.05 micromoles reducing substance per hour and ml. 

On this basis 9 samples have been selected and the quotients cal- 
culated between lactic acid formed and reducing substance consumed. 
The resulting figures show a wide range of variation between 1.00 
and 3.70, the mean value being 2.50 + 0.74. 

If one molecule of glucose is split and totally converted to lactic 
acid, two molecules of the latter are formed. The quotient would 
therefore be 2 when the concentrations in micromoles of lactic acid 
formed and glucose consumed were compared. 

Owing to the uncertainty of these determinations, the problem is 
still unsolved whether the sperm cells form a proportionate amount 
of lactic acid as claimed by Killian (1933), but it must be acknow- 
ledged that the results allow the possibility of this. 

When the values of the quotient were compared for the samples 
from the clinical groups, no significant differences were found. 
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Table 9. 


Correlation between age of donor and other factors and the proper 
ties of the sperm sample. 
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chief object in this experiment was to avoid the general poisoning 
of the animals which was produced in the experiments carried out 
by Verzar (subcutaneous injection of the drugs). This intention was 
realized by applying the poison directly in the intestine. In this way 
the intestine may be exposed to a relatively high concentration of 
the poison, and nevertheless a poor general condition of the animal 
is avoided. 



□ 


o/e/c acid. contro/s . 

o/eic acid + ph/orrh izin. 


FIG. 8. 


Radioactivity in phospholipids from rats intestine in which some of the loops 
were poisoned with phlorrhizin. 


The experiment shown in figure 8 was carried out with the 
technique of a series of isolated loops of the intestine. The concen- 
tration of phlorrhizin applied was 0.02 molar (about 1 per cent) 
as used by C arisen (1945) in work on amino acid and glucose ab- 
sorption. In some of the isolated intestinal loops were injected an 
oleic acid emulsion, in others the same emulsion with the phlorrhizin 
added. The control loops contained pure sodium taurocholate solu- 
tion. 

On the narcotized rat, the loops were isolated and the solutions 
injected into them. It was assumed that after 15 minutes the ab- 
sorption of the fatty acids would be running and that the poisoning 
would have developed in the loops containing phlorrhizin. At this 
point of time the 32 P was injected intracardially, and 30 minutes 
later the animal was killed. 

From the figure it is seen that the formation of phospholipids 
is of the same order of magnitude in the poisoned loops as in non 
poisoned, and in both of them considerably larger than in the con- 
trols. The formation of new phospholipids is, in this experiment, not 
prevented by phlorrhizin. 
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cept the last three, which had been obtained from a man recovering from an 
attack of orchitis caused by mumps and giving a complete azoospermia. His 
samples were examined when the spermatozoa began to reappear and they 
were interesting in that they all showed low values for the lactic acid con- 
centration. With this exception the samples show variable figures; they have 
therefore been treated separately and not grouped in pairs. The donors all 
belonged to group HE, men of uncertain fertility. Tor a comparison of the 
actual values obtained for samples provided at different times by the same 
donor, Table 10 should be consulted. 

Four Cases of Azoospermia. 

Four cases of sperm samples without spermatozoa, azoospermia, have 
been studied. As they are so few, little can be said of, and less concluded from, 
their metabolic properties. They have nevertheless been included in the ma- 
terial ns they show nn interesting sidelight of the sperm plasma metabolism 
(see pp. 52 and 54). 
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new phospholipids. Corresponding to this the specific activity is 
lower in the loops forming new phospholipids at the low rate. 

From these experiments it will be seen that the rate of formation 
of phospholipids in the intestine is not depressed by phlorrhizin in 
a concentration which interferes heavily with glucose absorption. 

Control experiments, absorption of glucose. 

The main result of the experiments on absorption of oleic acid 
is that when the intestine absorbs oleic acid, phospholipids are 
formed at a considerably higher rate than in non absorbing intestine. 

This increased rate of phospholipid formation may be due to a 
formation of phospholipids caused by the absorption of fatty acids, 
but another possibility cannot be excluded. When general absorption 
work is carried out, the metabolism of the cells increase and it 
might be suggested that this increase also interferes with the phospho- 
lipids. In other words, the turnover of phospholipids may follow 
an increase in the general metabolism of the intestine caused by 
absorption work. 

If an increased activity gives increased phospholipid turnover, 
the absorption of glucose should give an effect similar to that of fatty 
acid absorption. 

Experiments to investigate the effect of glucose absorption upon 
phospholipid formation, as compared with the effect of fatty acids, 
were carried out similar to the experiments described in the pre- 
ceding chapter. In table 17 the results are given of an experiment in 
which solutions containing respectively oleic acid and glucose 'were 
injected into alternate loops of the small intestine. 

The oleic acid emulsion was the same as that used in the ex- 
periments described above, 1 per cent oleic acid in 4 per cent Na- 
taurocholate solution. The glucose solution was a 0.15 molar (ca. 
2.7 per cent) solution in 4 per cent Na-taurocholate (to make sure 
that no difference arises from a different bile acid content of the 
loops). 

The figures in table 17 show that the total amount of phospho- 
lipids is the same in oleic acid absorbing and glucose absorbing loops. 
But the specific activity of the phospholipids is considerably higher 
in the loops absorbing oleic acid. The difference is about the same 
as that between oleic acid absorbing and non absorbing loops. 

From this it will be seen that the phospholipid formation in 
glucose absorbing intestine is considerably lower than in fatty add 



CHAPTER XII. 


Morphology of the Spermatozoa. 

The data for the morphology of the spermatozoa have been ob- 
tained through Dr E. Nordlander, the head of the laboratorj* 
where the morphological properties of the spermatozoa were studied. 
For different reasons some samples were omitted from the analysis; 
of these one belonged to group III and six to group I. The figures 
have been given only for comparison with the metabolic data from 
the samples. No details are given concerning the method. 

In accordance with the results of MacLeod (1939), it was impossible 
to find any correlation between the metabolic properties of the 
samples and the morphology of the spermatozoa. 

If the samples showing over 25 per cent of spermatozoa with 
abnormal forms of the head are counted in each clinical group, and 
these numbers are compared for all samples analyzed by this method, 
the figures in the accompanying Table 11 are found. 


Table 11. 


Morphology of sperm cells. 


Clinical group 

Number of 
samples ana- 
lyzed 

Number of samples 
with over 25 per 
j cent abnormal 
; morphology 

Percentage of 
samples in this 
group ^clinically 
sterile* 

I 

1 

2i ; 

12 | 

57 

II 

n 

1 

9 

Ill 

66 

37 

56 


According to the statements of Moench (1930) the donor of a 
sperm specimen is “clinically sterile” if more than 25 per cent of 
the spermatozoa show abnormally formed heads. Taking this as a 
criterion, group I is seen to include an astonishingly high number 
of “sterile'donors”. 









CHAPTER XIII. 


Evaluation of the Methods Used for the Diagnosis of 

Male Sterility. 

The object of this work has been to study the metabolism of 
spermatozoa and to find a suitable method for the differentiation of 
normal and pathological samples. The results of the various methods 
will not be recapitulated in detail, but a general survey may be useful 
to the reader. 

Determinations of the degree of motility according to the method 
of Clare Harvey have shown decided differences in the properties 
of the clinical groups of samples. None of the samples from groups I 
and II had less than 35 per cent motile spermatozoa; in group III 
a third of the samples had these low figures. The differences between 
the mean percentages of motile cells in the groups were statistically 
significant. If the samples with less than 40 per cent motile cells were 
counted, group I showed one such sample in 27, group II none in 11, 
and group III 26 in 66. 

The formation of lactic acid proceeded at similar rates in the 
different groups. Especially in the samples with low spermatozoon 
concentrations, however, a tendency could be established for the 
spermatozoa from group III to form smaller amounts of acid than 
those from the other groups. It must nevertheless be remembered 
that this was probably caused by the occurrence in this group, 
especially in the lower cell concentrations, of samples with low moti- 
lity and hence a relatively weak formation of lactic acid. 

The formation of acid metabolites as measured "with the Warburg 
method proceeded at similar rates in all three clinical groups and no 
clear difference could be established. This is consistent with the 
results of Ross et al. (1941) who, using a similar method, also found 
no difference in the rates of formation of acid metabolites by samples 
• from donors of various degrees of fertility. 

5 — 4G150 A. Westgren 
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The consumption of reducing substance and the metabolism of 
the plasma were similar in all clinical groups. In contradiction to 
the authors mentioned above, but in accordance with the results of 
Bernstein and Slovohotov (1933), no difference was found between 
the groups in the concentrations of reducing substance in the samples. 
The lactic acid concentrations were also practically the same. 
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The values obtained by a morphological analysis of the spermato- 
zoa were compared for the different groups and also with other meta- 
bolic properties of the samples. The results, however, were con- 
flicting, and the method seemed uncertain, at least with respect to 
this material. 

A study was made of the properties of the 26 samples from group 
III with less than 40 per cent of motile cells, which were therefore 
probably pathological and derived from sterile donors, in order to 
find what values suspectedly pathological samples gave with the 
methods employed in this investigation. 

The concentration of the spermatozoa as compared with that in 
samples from fertile men is usually low, as can be seen in Fig. 22. 
The formation of lactic acid proceeds at a low rate when related to 
the total number of spermatozoa in the suspension. The figures for 
the formation of lactic acid and their mean values inside the con- 
centration ranges concerned have been indicated for this group and 
for group I in Fig. 23. 

The difference between the means is statistically significant (Cone. 
0— 0.2:'f — 2.76, P < 0.02; cone. 0.2— 0.4: t = 4.25, P < 0.01). -As 
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mentioned before, this low rate of lactic acid formation can be ex- 
plained by the low figures for motility in this group. No difference 
was found between the groups when formation of lactic acid was 
compared with the numbers of motile cells present. 

No difference could be established between the data for this group 
and those from the other material when formation of acid meta- 
bolites, consumption of reducing substance, plasma metabolism, and 



mg. ptr cent tactic acid 


Fig. 24. Concentration of lactic acid in specimens 
with low motility. 


the concentration of reducing substance in the sperm sample were 
compared. The lactic acid concentration in the sample was rather 
low, on the whole, with a median value of 53 mg per cent. There 
was, however, a wide range of variation, as can be seen from Fig. 24. 

The morphological analysis showed 17 out of 24 samples examined 
(71 per cent) with more than 25 per cent of abnormally formed heads. 

As a final impression from the results of these methods, it must be 
stated that the determination of the degree of motility, under the 
conditions employed here, has been the best method for differen- 
tiating the properties of the sperm samples. It has also given the 
results most consistent with the clinical grouping of the samples. 
26 of the 66 samples in group III were indicated as probably patho- 
logical; determinations of the lactic acid formation by these samples 
confirmed that there was a statistically verified difference between 
the metabolic properties of these and the normal sperms. 



CHAPTER XIV. 


Summary. 

The object of this investigation has been to find a biochemical 
method for establishing male sterility from samples of sperm. 

Chapter I. After a brief review of the literature on the metabolism 
and motility of spermatozoa, the physico-chemical properties of 
human semen, and the few investigations in which the metabolic 
properties of the sperm sample have been used as criteria for the 
state of fertility of the donors of the samples, a description is given 
of the methods used in the present work. 

Chapters II and III. The basic method used was the determination 
of the formation af acid metabolites by the spermatozoa according 
to Wakburg. The sample was centrifuged sharply in order to sepa- 
rate the spermatozoa from the plasma. They were resuspended in 
an isotonic buffer solution and placed in a Warburg flask, the for- 
mation of acid metabolites being measured for three hours at body 
temperature. The method of Clare Harvey was used for the de- 
termination of the density of the suspension and the proportion of 
motile cells. These determinations were made after the sample had 
been investigated by the Warburg method. 

The changes in the lactic acid concentration were measured accord- 
ing to the method of Barker and Summerson. Conflicting opinions 
have been held as to whether the spermatozoa form a proportionate 
amount of lactic acid from the glucose that they consume. For the 
study of this question the consumption of reducing substance was 
measured (Hagedorn — Jensen). In order to estimate the meta- 
bolism of the sperm plasma and to detect any disturbing effect pro- 
duced by the plasma metabolism on the measurement of the sperm 
metabolism, the metabolism of the sperm plasma was studied with 
the same methods as for the spermatozoa. 

Chapter I\. The material to be investigated consisted of 104 
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samples. The donors of these samples were divided according to t heir 
degrees of fertility into three groups: 

I 27 samples from probably fertile men 

II ]I samples from probably fertile patients with presumably 
sterile partners, and 

III GO samples from men of uncertain clinical background. 

The samples from group I had been obtained from voluntary 
donors, the others from patients who had sought medical aid for 
marital sterility. The existence of pathological properties in the 
sperm samples would therefore be most likely in group 111; groups I 
and II would probably be normal. 

Chapter V. When the percentages of motile cells were determined, 
a difference could he observed between the clinical groups. Only one 
of the samples from groups I and II had less than 40 per cent motile 
cells; in group III more than a third of the samples had such low 
figures. The differences between the mean values for the percentage 
of motile colls in the groups were statistically significant. The results 
of determinations of the spermatozoon motility have been valued 
very differently for the diagnosis of male sterility and have often 
been considered to be of little use. The factors are discussed which 
have probably conditioned this judgment. The present results are 
compared with the motilities of the same samples before the Waii- 
hurg run. These figures are almost uniformly lower and show no 
significant difference between the clinical groups. 

The lactic acid formation proceeded at a rate which was correlated 
to the number of spermatozoa in the suspension by a statistically 
significant coefficient of correlation. The degree of motility and the 
production of lactic acid were also correlated. When the mean values 
for the lactic acid formation were compared for the groups no signi- 
ficant difference could be found, but in more diluted suspensions a 
tendency could be established for the less fertile samples to form 
relatively less lactic acid than the others. 

The formation of acid metabolites occurred at a rate similar to 
the lactic acid production, but like the consumption of reducing sub- 
stance it was very variable and the above-mentioned correlations 
were impossible to find. 

Chapter VI. The changes in the lactic acid concentration in the 
sperm plasma proved to be relatively insignificant. The formation 
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of acid metabolites was more active and the changes in the con- 
centration of reducing substance in the plasma were also sometimes 
quite considerable. No clinical significance could be found in these 
properties. About two thirds of the samples showed an increase in 
the concentration of reducing substance after the determination. In 
an attempt to find a possible explanation of this fact, the author 
demonstrated the presence of an active diastase in six samples out 
of seven and that of glycogen in six samples out of six. The presence 
of hyaluronidase was shown in the samples with diastase. 

Chapters VII and VIII. The concentrations of reducing sub- 
stance and lactic acid were determined in the original sperm samples. 
No significant differences could be found between the clinical groups. 
The ranges of variation were wide. 

Chapter IX. A statistically verified correlation was found be- 
tween the changes of concentration of reducing substance in the 
plasma and the consumption of reducing substance by the spermato- 
zoa in the same sample. This established that the metabolic activity 
of the plasma which accompanied the spermatozoa, must have dis- 
turbed the values obtained for the spermatozoon metabolism. No 
such correlations were found for the formation of lactic acid or acid 
metabolites. 

Chapter X. In order to obtain as accurate values as possible for 
the quotient between lactic acid formed and glucose consumed by 
the spermatozoa, those samples were chosen which showed the 
smallest figures for the changes in the concentration of reducing 
substance in the plasma. The accuracy of the determinations of 
reducing substance consumed by the spermatozoa was increased by 
selecting those samples which showed the highest absolute figures 
for the consumption of reducing substance. The mean value of this 
quotient for nine samples was 2.00 + 0.76, the amounts of glucose 
and lactic acid being expressed in micromole. This value is rather 
uncertain, but it renders probable an approximately proportionate 
formation of lactic acid in these circumstances. 

Chapter XI. No correlation has been found between the properties 
of the sperm sample, and the age of the donor, the method by which 
the sample was obtained, and the time elapsing between ejaculation 
and examination. 

Chapter XII. No correlation has been found between the above- 
mentioned properties and the morphology of the spermatozoa. 



GENERAL DISCUSSION 


The present investigation was carried out as an attempt to throw 
some light upon the chemical processes involved in fat absorption. 

The most recent work on fat absorption ( Frazer ) shows that 
the absorption of fat may take place in the unsplit condition as 
minute droplets, but there is no doubt that the absorption of fat can 
also take place in the way that the fats are hydrolysed to fatty acids 
and glycerol and the components absorbed separately. 

The fats are split by the lipolytic enzymes of the digestive juices. 
Pfliigers theory was that the fatty acids then combine with the 
sodium bicarbonate of the pancreatic juice to form soaps. The fatty 
acids are in this way made water soluble and may be absorbed in 
this state. Later on it was stated that the reaction of the intestine 
was actually slightly acid, and Pfliigers theory of soap formation 
was rejected. It was well known that soaps are split up when an acid 
is added, and it was taken for granted that no soap (or only infinite- 
simal quantities of soap) can exist at the pH of the intestine. 

In the writers experiments it was shown that if an acid is added 
to a soap solution until the pH of the intestine is reached, there will 
still be a considerable fraction of the fatty adds present as soap. 
Therefore, the pH of the intestinal contents is not a hindrance to 
the absorption of fatty adds as soaps. 

When fatty acids or soaps are introduced into the small in- 
testine they are readily absorbed, esp. when bile acids are present 
The bile adds have the property of keeping the fatty adds in aque- 
ous solution. Therefore it has been supposed that the fatty acids 
are absorbed as a water soluble bile acid complex. This complex 
must be of considerable size because a number of bile add mole- 
cules (3 — 8) is necessary for keeping one fatty add molecule in 
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